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A study on the field measurment of bridge scour and bridge related chan- 
nel instability was conducted for the Arizona Department of Transportation 

(ADOTI. The objectives of the research were to review and evaluate procedures 

and field techniques for measuring scour at bridge structures and for monitor- 

ing channel aggradation, degradation, and lateral migration at and near bridge 

structures; and to recommend a program or programs to initiate data collection 

in Arizona. The ultimate goal of this and subsequent research is to assist 

ADOT with the following; 1) to provide data and procedures to identify bridges 

that may be susceptible to scour and channel instability problems so that 

adequate countermeasures can be undertaken to avoid and mitigate bridge scour 

incidents, and 2) to collect data on scour and channel instability processes 

in Arizona so that appropriate design and construction procedures can be 

developed and used in Arizona. 

Pilot programs have been recommended for bridge scour. The purpose of 

the pilot programs is to develop methodologies; to test equipment, techniques, 

and procedures for data collection; to provide opportunities for training and 

for the preparation of guidelines, instructions, training and techniques manu- 

als; and to identify possible areas for needed research and development. 

Four pilot programs for bridge scour have been recommended, and these 

are: 1) The use of ground penetrating radar (GPR) to measure the depth and 

extent of scour after flooding ha8 occurred. 2) The use of buried miniature 

transmitters to measure the depth and extent of scour, both during and after 

flood events. 3) Post-flood reconstitution of flood and scour events. 4) The 

use of mobile teams to measure scour during flooding. These are short-ten 

programs that could be used to define long-term (10 years or longer) data 

collection programs. 

A monitoring program for channel instability has been recollaended. This 

is a phased program wherein all bridges can be subjected to an initial evalu- 

ation in regard to channel aggradation, degradation, and lateral migration. 

After the initial phase of monitoring (Level 11, bridges that have been 



identified as having active channel instability can proceed into a Level 2 and 

possibly a Level 3 of monitoring. This program provides the appropriate level 

of monitoring depending upon the need at each bridge site. 

A bridge data file has been recomended. This would consist of a docu- 

ment file and a computerized data base file. The document file would be the 

repository of all background and descriptive information on each bridge. This 

would include engineering drawings, annotated photographs, aerial photographs, 

bridge inspection records, hydrologic analyses, reports, descriptions of flood 

incidents, and river channel data. The computerized data file would contain 

succinct characteristics of the bridge and waterway and would be the reposi- 

tory of all hydrologic, hydraulic, and bridge scour data. The data files 

would be used to identify bridges for scour and channel monitoring programs, 

aud to test, evaluate, and develop bridge scour equations and techniques. 

A general implementation plan has been suggested that includes a long- 

term data collection program with the U.S. Geological Survey (USGS). Such a 

program would need to be negotiated with the USGS. Several other portions of 

the overall program could be contracted to engineering consulting firms and/or 

universities. ADOT would need to be actively involved in all the programs. 

Because of the need for a cooperative effort between AWT, the USGS, consul- 

tants, and university research groups, a special consultant should be retained 

to serve in a review and advisory capacity. The special consultant would 

assist ADOT in defining the scope-of-work to be negotiated with the USGS, 

would assist ADOT i~j organizing and implementing its bridge scour activities, 

and would assist in prioritizing projects for which consultant services would 

be required. The consu:+ant could also be available for other bridge related 

assignments to ADOT. 

The main conclusions of this reeearch are; 1) there has been substantial 

damage to bridges and transportation syste~s due to scour and flooding in 

Arizona, 2) no reliable field data on bridge scour have been collected in 

Arizona or the Southwest, 3)  bridge pier and abutment scour equations cannot 

be adequately tested for use in Arizona, 4) many field techniques and equip- 

ment that have been developed to study scour are not appropriate for use in 

Arizona, and 5 )  a long-ten (10 years or longer) data collection program 

should be initiated in Arizona. 



The main recommendations are; I)  bridge data files should be developed to 

select sites for field programs, and to store data, 2) four pilot programs for 

bridge scour should be implemented, these are to be used to test equipment and 

develop techniques, 3) implement a phased program to wnitor channel aggrada- 

tion, degradation, and lateral migration at bridges, 4) the various programs 

can be implemented through a combined effort of ADOT, USGS, engineering 

consultants, and university research groups, and 5) a team of experts should 

be assembled as advisors, and a special consultant should be retained to coor- 

dinate, review, and advise ADOT on the program. 

The benefits of the recommended program are; 1) a systematic means is 

provided to identify bridges that may be experiencing the cumulative effects 

of scour and/or channel instability, 2) bridges that are susceptible to scour 

can be monitored during flood events, 3) priorities can be set for bridge 

scour countermeasures, 4) improved bridge denign procedures can be developed, 

5) damage to bridges can be assessed after floods, and 6)  bridge safety will 

be enhanced. 



tive 

This report presents the results of research that was conducted for the 

Arizona Department of Transportation (ADOT) during the period of July 1988 

through November 1989. The objectives of this research were to review and 

evaluate procedures and field techniques for measuring scour at bridge struc- 

tures and for monitoring channel aggradation, degradation, and lateral migra- 

tion at and near bridge structures; and to recoerrend a program or programs to 

initiate data collection in Arizona. If existing procedures and techniques 

were found to be unsatisfactory, a research program was to be developed to 

establish procedures and techniques that are appropriate to Arizona condi- 

tions. The ultimate goal of this and subsequent research is to assist ADOT 

with the following; 1) to provide data and procedures to identify bridges that 

may be susceptible to scour and channel instability problems so that adequate 

countermeasures can be undertaken to avoid and mitigate bridge scour inci- 

dents; and 2) to collect data on scour and channel instability processes in 

Arizona so that appropriate design and construction procedures can be 

developed and used in Arizona. 

This project is to address bridge scour and channel degradation and 

aggradation field data measurements. Bridge scour is defined to mean either 

local scour at a   ridge pier or abutment, or general scour in tbe bridge 

waterway. Degradation is the process bv which the bed of the watercourse over 

a relatively long distance falls (scours), and aggradation is the process by 

which the bed of the watercourse rises (fills). Aggradation and degradation 

are reflected in the vertical response of the bed of the channel. However, 

lateral movement of the watercourse banks or realignment of the flow can have 

serious consequences to bridges. Lateral migration, flow realignment, mean- 

dering, braiding, channel widening, and avulsion8 on alluvial fans need to be 

addressed as well as aggradation and degradation. In thia report, channel 

instability is defined to mean aggradation, degradation, lateral migration and 

other processes as indicated above, or the corbination of any of these. 



In this report there is a distinction between pilot programs and monitor- 

ing programs. Pilot programs are relatively short duration programs to test 

equipment, develop field practices, and train personnel. Monitoring programs 

imply a long-term (on the order of 10 years) or continuous comitment to a 

data collection and analysis program. The purpose of pilot programs is to 

collect information and gain experience so that effective monitoring programs 

can be defined and executed. 

This project addresses bridges within the state-system of highways in 

Arizona. However, there could be situations where it is advantageous to aea- 

sure or monitor scour at bridges that are not within the state-system. This 

may be particularly true for pilot programs for which the intent is to test 

equipgent, develop field practices, and to train personnel. Certain bridges 

that are under the jurisdiction of cities and counties may offer opportunities 

for pilot programs that are attractive because of physical conditions at the 

bridge, the hydrologic regime, or logietics. Therefore, it is suggested that 

all bridges over waterways within Arizona be considered for implementation of 

these recammendations. If bridges with potential scour problems are identi- 

fied that are particularly attractive to the goals of this research that are 

not within the state-system, then the jurisdictional agency for that bridge 

should be approached concerning a cooperative pilot program. 

There are about 800 bridges over waterways in Arizona that are within the 

state-system. There are @any other waterway bridges in Arizona that are not 

within the state-system. It will be difficult to select bridges in Arizona 

for pilot programs and monitoring programs because of the large number of 

bridges that must be considered. A program of data collection, storage, and 

analysis has been defined to facilitate the selection of bridges for pilot 

programs and monitoring programs. The initial data collection should be lim- 

ited to bridges within the state-system. In subsequent years, after the data 

base files are developed for the state-systems, efforts should be made to 

incorporate all waterway bridges in Arizona into the data files. The incorpo- 

ration of bridges tbat are not within the state-system could be accomplished 

as a cooperative program between ADOT and the various cities and counties. It 

is envisioned that once the A m  bridge scour programs and data collection 

systems are established, data for these other bridges could be supplied to 



ADOT by the appropriate city or county for its bridges. This would greatly 

expand the data base for future analytic purposes and would enhance the state- 

wide bridge inspection programs. 

Bridge failures result in significant economic loss and disruption to 

commerce and travel, and may be the cause of loss of life. When a bridge 

failure is a large-scale disaster, such as the failure on 5 April 1987 of the 

Schoharie Creek bridge on the New York State Thruway system claiming 10 lives, 

it receives nationwide media attention which may result in lack of confidence 

in the highway systems by the public. Significant advances have been made in 

bridge design and construction, and bridge inspection is a standard operation 

and maintenance procedure for all states; however, failure of bridges due to 

scour and other hydraulic factors continues. 

Analytic methods to predict scour are based mostly on theoretical consid- 

erations and empirical relations developed from laboratory experiments. Many 

of these scour equations have been evaluated using actual bridge scour 

measurements, however, such field data are sorely deficient for arid regions 

and such data are virtually nonexistent for Arizona. The applicability of 

bridge scour equations for use in Arizona is uncertain due to the vastly 

different geologic and hydrologic conditions that exist as compared to the 

conditions for which most of the equations were developed. 

A WT inspects each bridge under its jurisdiction in the state highway 

system biennially and this program has been and will continue to be very 

beneficial in improving the safety, reliability, and cost effectiveness of 

Arizona highways. However, only limited success can be expected from the 

bridge inspection program in regard to mitigation of scour incidents at 

bridges. This is mainly because of the ephemeral nature of the watercourses 

in Arizona and the often sudden and catastrophic nature of flooding and resul 

tant bridge scour. Bridge waterways that are inspected one day and found to 

be in excellent condition with no external evidence of present or past scour 

problems can be subjected to extreme flooding and destroyed by scour within 



hours after the inspection. Guidelines to identify bridges that are i m i -  

nently susceptible to scour and channel instability problems are no+ well 

defined or tested for Arizona and other semi-arid regions. 

In the past, bridge design and construction practices in Arizona and 

elsewhere have not always adequately addressed the potential for scour at 

bridges nor the need for channel control works in the vicinity of the bridge. 

Many bridges exist in Arizona that bave been built on spread footings without 

piles or on piles that are too short. The embedment depth of these founda- 

tions may not be adequate to sustain the necessary load bearing capacities 

during flood events. In addition, many watercourses are undergoing long-term 

aggradation, and bridges over these streams also are jeopardized due to the 

loss of hydraulic capacity through the bridge waterway. 

More recent designs have used pile foundations for bridge piers. 

Although generally considered less susceptible to bridge scour, if the piles 

are not long enough, these also can be damaged or destroyed by bridge scour. 

Of equal concern to pier scour is abutment scour and embankment scour of the 

bridge approach roadways. Many bridges are more susceptible to abutment scour 

and approach embankment scour than to pier scour because of the combined 

effects of waterway encroachment, overbank flow hydraulics, and channel insta- 

bilities such as lateral migration. 

This research program is intended to assist ADOT in collecting the neces- 

sary data and documentation of bridge scour and related channel instability 

problems so that better design practices and inspection programs can be 

conducted. The implementation of this research can result in improved tools 

for management of the bridges in Arizona and should be of assistance to the 

ADOT Bridge Scour Team in assessing bridge scour problems and setting priori- 

ties for bridge scour countermeasures. 

This report is in four parts: Part 1 sumarizes the theory of scour at 

bridge crossings, discusses the current status of field practices and studies, 



provides a compilation of selected field data, and discusses bridge damage due 

to scour in Arizona. A more coapreheneive presentation of bridge scour theory 

and procedures ie contained in Appendix A. 

Part 2 provides recowendations and cost estimates for implementing 

bridge scour pilot programs and long-term monitoring programs, and presents a 

plan to manage the data from those programs. 

Part 3 identifies the research elements of some of the recomended pilot 

programs, and long-term research requirements for bridge scour and bridge 

related channel instabilities. 

Part 4 suasrarizes the conclusions and recommendations of this study. 



PART 1 - m R Y  AHD DATA 

Detailed descriptions of the processes involved in scour at bridge cross- 

ings and of current practices for predicting scour depth at abutments and 

bridge piers are given in the Federal Highway Administration (FEWA) report 

im nroceQUres for e v w a  scour at brldaes (FBWA, 19881, parts of 

which are abstracted in Appendix A. This section presents a brief surrmary of 

the material in Appendix A, with particular emphasis on the variables and 

quantities that need to be measured in order to use existing equations to 

predict scour depths or to test field data against the theories. 

Scour at bridges usually is divided into three components: (1) channel 

aggradation or degradation which raises dr lowers the mean bed elevation over 

a long reach of a channel, (2) general scour which may occur naturally or may 

result from a contraction in the approach section and through the bridge open- 

ing, and (3 )  local scour which results from vortices formed in the vicinity of 

local obstructions such as piers or abutments. These camponents are generally 

additive. In addition to the above, low-flow channel incisement, scour in 

bends, and scour due to dunes and other bed f o r m  also need to be considered. 

Debris piled against the bridge or ice jams may increase both general and 

local scour. Lateral migration of tbe stream channel also may be an important 

factor by changing the angle of the approach flow or more directly by eroding 

abutments or approaches to the bridge. 

or 

Aggradation and degradation are the raising and lowering, respectively, 

of the streambed over long reaches of the channel, as opposed to scour and 

fill, which usually are considered to be local phenomena. The factors that 

lead to aggradation or degradation are described in Appendix A, and they may 

be either natural or man-induced. Usually, aggradation and degradation occur 

slowly over long time; they are long-ten processes. Sometimes, however, the 



changes are rapid and spectacular, such as the widespread arroyo development 

and headcutting in the Southwestern United States during the last half of the 

nineteenth century. Trends in streambed elevation changes can be detected by 

repetitive surveys, aerial photos in the case of channels that are dry m s t  of 

the time, and geological and geo.orpbologica1 studies. Channel r z y n s e s  to 

man-induced changes, such as reservoirs, diversions, chdnnelization, gravel 

mining and land-use modifications sometimes can be predicted using mathemat- 

ical models as described in Appendix A. Generally, predictions of future 

conditions are difficult to make and are not very accurate. 

G m E d A a u  
At any location along an alluvial streambed, scour occurs when the local 

sediment transport capacity of the flow is greater than the incoming sediment 

load and fill occurs when the local sediment transport capacity is less than 

the incoming sediment load. Scour and fill can be computed from sediment 

discharge relations, knowing the properties of the flow, the fluid, and the 

sediment. This applies to scour in a bend, to natural cycles of scour and 

fill associated with annual cycles of water and sediment discharge, or to 

scour induced by artificial contractions. The time rates of scour can be 

computed using mathematical models and the equilibrium scour depths in long 

contractions can be eetimated by one of the several methods described in 

Appendix A. For these latter cases, the data required to carry out the calcu- 

lations are the properties of the flows through the upstream reach for the 

design flood, the properties of the bed sedirents and the fluid, and the 

geometry of the contracted reach. Only bed load transport is considered. 

Because these are equilibrium calculations, the incoming bed load is assumed 

to be transported at the equilibrium capacity of the upstream flow and the 

depth of scour through the contraction follows directly from bed continuity 

considerations. If the bed sediments contain a wide range of sizes, provi- 

sions to account for sorting and a m r i n g  have to be included in the calcula- 

tions. 

haausaK 
The principles of local scour are the same as the principles for general 

scour outlined above. At any location, if Ve is the volume of scour or fill, 

then the change in volume with time is: 





FIGURE 1 

Definition sketch  of pier scour 



dy,  = dVe - =  c(Q,d - Q . 0 )  

l i t  Kdt K 

and the scour depth as a function of time is 

where K is a coefficient relating scour depth to scour volume. The general 

trends of y. as functions of time and velocity for a given pier and sediment 

size are sketched in Figure 2 (after Raudkivi, 1986; see also Appendix A, 

Figure 7). The oscillations about the equilibrium scour depth for live-bed 

scour are caused by migrating sand waves. Maximum scour depth is greater for 

clear-water scour than for live-bed scour. Raudkivi (1986) suggests that for 

circular piers the maximum scour depth is yn = 2.3 (a) . Melville and Suther- 

land (1988) propose y, = 2.4(a) as a design criterion for circular piers, and 

they identify multipliers to account for pier shape, alignment, and sediment 

size distribution. The work by Melville and Sutherland is a continuation of 

the University of Aukland studies cited in Appendix A, and these studies are 

based on laboratory experiments. 

Attempts have been made to derive analytical expressions for local scour 

at circular piers (Imamto and Ohtoshi, 1986; Tsujimoto and Nakegawa, 19861, 

but these models have not been tested to any great extent. The w r e  common 

approach is to derive equations based on dimensional analysis and experimental 

data. Breusers and others (1977) review these developments, and several equa- 

tions currently used are listed in Appendix A. The Colorado State University 

equation is typical and is used extensively, it is: 

where Pr is the Proude number of the approach flow, ki is a coefficient to 

account for pier type, and kr is a factor to account for angle of attack of 

the flow. For cylindrical piers, kl and ka are unity (see Appendix A, Tables 

2 and 31, and for a dune bed, 30 percent is added to the predicted scour 

depth. The equation is based on flume experiaents with a sand bed. Bed 
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FIGURE 2 

Scour depth for given pier and sediment size: 
(a) as function of time; (b) as function of 

shear velocity or approach velocity 
(Raudkivi, 1986) 





load, deposition takes place. Thus, long-term aggradation and degradation and 

the processes of scour and fill are governed by continuity considerations, 

Equation 1, and by sediment transport relations. 

Predictions of long-term aggradation or degradation for natural stream 

conditions usually are difficult to make because future flows and eediment 

discharges have to be estimated, and in many regions, the long hydrologic 

records needed to make these estimates do not exist. If a river basin is 

developed so that future flows and sediment discharges are controlled and can 

be specified, reservoir releases, for example, then channel aggradation and 

degradation can be predicted using one-dimensional mathematical models. The 

data requireaents, computational methods, and limitations of these models are 

considered by Cunge and others (1980). 

Naturally occurring scour and fill usually are in response to the natural 

cycle or variations of water and sediment discharge and to the local geometry. 

General scour and fill can be predicted from sediment transport relations and 

bed continuity considerations, but special attention has to be paid to channel 

geometry. For example, wide and narrow sections of a river respond differ- 

ently to changes in flow and sediment discharges and scour processes in bends 

are dominated by secondary flow. The field data required to carry out 

calculations for complex geometries and two-dimensional flows usually are not 

available. 

Scour in a long contraction can be predicted using the gethods described 

in Appendix A. The geometry of the approach and contracted section and the 

properties of the flow, the fluid, and the bed sediment are required to carry 

out the calculations. Some of the equations use bed shear stress or shear 

velocity as measures of flow strength, rather than mean velocity, so the 

energy slope and Manning's roughness coefficient have to be determined. 

The simpler equations for predicting pier scour or abutment scour require 

only the approach depth and velocity, pier or abutment geometry and angle of 

attack of the approach flow. Hore complicated prediction relations include 

the size distribution of the channel bed material. Fluid apd sediment proper- 

ties usually are assured to be constant, but in scae cases fluid viscosity may 



be important. In any data collection program, sarrples of bed sediments and 

water temperatures should always be collected, even if they are not of iarredi- 

ate use. 



CURREUT STATUS OF FIELD PRACTICES FOR HEASUllIMG SCWE 

There are no standard procedures for collecting data on scour processes. 

In part, this is because scour studies are usually site specific, each bridge 

crossing or reach of river has its o m  peculiarities so investigations are 

tailored to the specific requirements of the site. In addition, the investi- 

gators may be constrained by limitations of resources, equipment, time, man- 

power, and other such factors so the kinds of data that are collected and the 

quality and reliability of the observations vary frog one study to another. 

Probably, though, the reason no standard procedures have evolved is because in 

the United States there have been no long-term coordinated programs to collect 

information on scour at bridge sites. 

Although procedures are not standardized, there is general agreement on 

the data that need to be collected (Culbertson and others, 1967; Neill, 1973; 

Garrett and Boyle, 1986). For both general and local scour, sequential con- 

tour maps of the streambed along the reach of interest are the most important 

information for determining rates and total amounts of scour. In order to 

predict local scour or to test the various equations that have been proposed, 

it is necessary to collect information on the hydraulics of the flow, the 

properties of the bed sediments, and the geometry of the channel and the 

structures, as described in Appendix A and in the previous section on theory 

of scour at bridge crossings. 

er Obaervatlans 
The earliest observations of local scour were made with fairly simple 

equipment, a lead weight on a sounding line to measure deptb, current meters 

or floats to determine velocities, and a drag sampler to obtain samples of bed 

sediments. In spite of the relatively crude equipment, it was possible to 

collect valuable information on rivers where the flood durations were long, 

debris wan not a problem, and the sites were accessible by boats or from 



bridges. The results reported by Inglis (1949) of scour studies at the Bar- 

ding Bridge across the Ganges River is a good example of these earlier stu- 

dies. Scour depths were predicted using a regime theory approach, a method 

that is still used extensively in some parts of the world (see Neill, 1964; 

19731, so the approach depths and velocities were not determined. Also, 

Inglis does not include in his summary any information about the pier shapes 

and sizes or the abutment geometries, so his data are not very useful for 

testing current theories. 

The classic study of local scour in the United States was carried out at 

the University of Iowa by Lausen and Toch (1956). Prototype measurements and 

~caled laboratory experiments were carried out together. In the field water 

surface elevations were recorded continuously with a stage recorder and scour 

depths upstream of the bridge pier were recorded continuously using a spe- 

cially designed conductance meter. 

The development of sonar and various echo and sonic sounders was probably 

the most important single advance made during this century in studies of local 

scour. These devices, when properly used, can provide reliable and rapid 

measures of scour depth, the shape and volume of the scour holes, and upstream 

and downstream bed topography. Today, they are standard equipment in most 

scour studies. 

Present practices vary widely. Bedingfield and Hurphey (1987) describe 

the applications of side scan sonar and fathometers for emergency detection of 

scour problems imediately after floods, and suggest that these devices will 

be useful in long-term studies where the additional flow, geometry and sedi- 

ment data are collected. This study was carried out for the Hassachusetts 

Department of Public Works, which also used divers to inspect bridge piers for 

scour problems after floods. Skinner (1986) describes the design criteria for 

a remotely operated boat that could be used to maneuver around bridge piers 

and abutments for soundings and describes improved designs for conductance 

meters that can be wunted on bridge piers to monitor both the bed and water 

surface elevations during floods. Hohan and San Gupta (1970) reported on 

dynamic cone penetration tests close to the bridge 2ier that can be used to 

determine the maximum depth of scour. 



One of the more comprehensive reports of current field practices is by 

Jarrett and Boyle (19861, who present the results of a pilot study the purpose 

of which was to develop and test guidelines for collecting scour data on site 

during high flows. The methods use equipment and procedures colwonly used in 

the U.S. Geological Survey stream gaging program. Pier scour data were col- 

lected at four sites. The work was done froa the bridge decks and no perma- 

nent equipment was installed. No high floods were experienced and the working 

conditions were nearly ideal. Typically, it took a two-person crew 7 to 10 

hours to collect the data at one bridge site. The report contains basic data 

collected during 1984 and includes recovaendations on preliminary planning of 

scour studies, site selection, approaches, and equipment and methods. It also 

contains suggestions for methods of post-failure investigations. 

Canadian experience and results of several ecour studies are given in 

of the YorksnoD on B- convened at Banff by the 

Alberta Research Council (Harrington and Gerard, Eds., 1983). The paper by 

Earrignton and HcLean contains many examples of bed contour maps determined by 

sounding froa a boat, which show clearly the local scour patterns. This and 

other reports in the proceedings deal with both local and pier scour, but not 

much information is given on equipment and techniques. 

w e  Scour P r o c e s w  

Systematic observations of bridge scour were initiated in the People's 

Republic of China in the 1950's and are continuing today (Kan Yi and others, 

1986). No information is given on methods used to collect the field data, and 

so far as we know, the data have not been published and are not now available. 

Apparently, similar systematic studies were undertaken in the Soviet Union; 

Zhuravljov (1978) in his report on bridge scour equations includes a compila- 

tion of 174 sets of field data, but again, no information is given on method- 

ology. Presumably, this program also is continuing. In Canada, the Alberta 

Research Council has maintained a cooperative research program with the 

Departments of Alberta Environment and Alberta Transportation to investigate 

scour processes; more than 20 years of observations have been carried out. 

The best sets of data from sites on four sand-bed rivers and four gravel-bed 

rivers have been selected for analyses and publication (David Andres, personal 

couunication, 1988). The data are reported to be fairly ccmplete and include 



some bend-scour studies. Some observations were carried out under extreme 

flood conditions, with a 50-year flood on the Swan River, one of the sand-bed 

streams, and an 80-year flood on the North Saskatchewan River, one of the 

gravel-bed rivers. Reports are in preparation, and the results should be 

available in early 1990. 

Bridge scour studies in Alaska were carried out for a number of years 

(Norman, 1975). The results of these studies are among the data compiled by 

Froehlich, which are given in Appendix B. In the Alaska study and in the 

investigations by Jarrett and Boyle (19861, the installation of permanent 

equipment was not considered as a practical method for collecting scour data 

because water-bourne debris might destroy the sensors, the equipment is diffi- 

cult to maintain in the harsh environment, and floods at the installation may 

not occur during the period of study. Observations from boats also were not 

considered practical because of the hazards of operating in the high veloci- 

ties and because of turbulence around the bridge piers. 

A number of field studies are underway in various states. Generally, 

these studies are cooperative efforts between the U.S. Geological Survey 

(USGS), Federal Highway Administration and the various state agencies. Usu- 

ally, the U.S. Geological Survey is involved in the field data collection. 

Studies are planned or in progress in Virginia, Delaware, Maryland, Ohio, New 

York, Arkansas, Utah, Washington, Oregon, and Connecticut. In addition, the 

USGS has a national scour study, the emphasis of which is to involve the USGS 

District offices with the various state agencies in cooperative studies. 

Results of these studies are not yet published. So far as we can determine, 

no studies to collect field data on general and local scour at bridge cross- 

ings have been undertaken in the semi-arid regions of the United States, and 

none are currently in progress. 



CURREMT STUDIES OF CBAIllEL HOWHOIAXZ U RElA'fQ TO BRIDGES 

Channel morphology studies generally deal with channel ylanforms and 

cross-section characteristics, aggradation and degradation, and rates of lat- 

eral migration. However, many of the channel morphology studies of tbe South- 

western United States have dealt with the problems of arroyo (also called 

wash) formation which occurred over wide areas of the region through the 

period from about 1850 to 1920, especially from 1870 to 1890. Arroyos usually 

are defined as deeply incised gullies characterized by vertical or steeply 

sloping walls in cohesive fine sediments with flat and generally sandy beds 

(Cooke and Reeves, 1976) . The onset of arroyo formation is of ten associated 

with man-made factors, such as overgrazing, however, even small climatic 

changes have triggered this process. 

From the point of bridge flesign, the most important aspects of channel 

morphology are channel migratlon, aggradation and degradation. 

Host alluvial streaas tend to migrate back and forth across their flood 

plains. The process is usually slow, with bank erosion occurring on the 

outside of bends and point bars forming on the inside. However, if tbe stream 

is aggrading, the shift may occur as an avulsion when the channel bed becomes 

high relative to the adjacent flood plains. On alluvial fans, avulsions are 

comaon. 

Erosion and channel migration upstream of a bridge has the undesirable 

effect of changing the alignment of the flow through the bridge opening, which 

usually increases the local scour, and if the lateral erosion is severe 

enough, the piers, abutaents, or approach sections to the bridge may be dam- 

aged or destroyed. Lateral erosion by stream action is a fairly coron prob- 

lem; in a survey of 283 bridges with scour problems, Brice and others (1978) 

reported lateral erosion as the major problem in 102 cases. 



Problems associated with channel migration can be minimized by selecting 

the most stable sections of the river for bridge crossings, but in many cases 

this is not possible, and river training works have to be used to hold the 

channel and align the flow through the bridge opening. 

There is no theoretical basis to predict channel migration rates; usually 

the rates of lateral erosion and channel migration have to be determined from 

repetitive surveys of mnumented cross-sections or from aerial photography. 

Evidence of channel migration should be reported as part of any bridge inspec- 

tion program. 

Streams in the semi-arid Southwest have gone through numerous cycles and 

epicycles of erosion and sedimentation (Love, 1979). Superposed on these 

natural cycles and epicycles during the past 100 years or so are the 

influences of land-use changes, dams, diversions, channelization, and other 

disturbances brought about by the developaent of the water resoarces of the 

region. The end result is that in some parts of the region, streams are 

actively aggrading, while in other parts degradation is occurring. For exaa- 

ple, the channel under a bridge near Caliente, Nevada has aggraded enough to 

reduce the clearance under the bridge from about 15 feet to 6 feet, while a 

headcut on Las Vegas Wash, only a short distance away, initiated severe ero- 

sion in the valley bottoa and resulted in a discontinuous arroyo that now 

extends sore 10 or 12 miles upstream from Lake Heade and degradation of as 

much as 40 feet since 1968. 

Both processes can lead to serious problems at bridge crossings. Aggra- 

dation can reduce the opening through the bridge, leading to overtopping by 

floods. Degradation can undermine piers, footings, and abutments, and in some 

cases is a more serious problem than local or general scour. 

It is usually not possible to predict long-term mrphologicaf changes of 

a river in its natural state. However, the response of a stream channel to 

changes in its incoming flow or sediment loads or to changes in base level can 



be estimated qualitatively from the principles of fluvial gemorphology and 

quantitatively using mathematical models. For example, Graf (1983) reviewed 

112 years of change in the channel of the Salt River, and Li and Fullerton 

(1987) describe a mathematical model developed and tested to route flows and 

sediment discharges for the 100-year flood along a short reach of the same 

river. The general approach and sore additional references are given in 

Appendix A. Details of matbematical modeling are given by Cunge and others 

(1980). 

The simplest way to document changes in channel morphology is to lay in a 

series of cross-sections along the channel and survey them periodically. The 

cross-sections should be marked by temporary bench marks tied to a covon 

datum and located by coordinates in case they are lost or destroyed. If the 

stream has gaging stations along it, trends in mean bed elevation from the 

discharge measurement notes and specific stage records can be used to identify 

aggradation or degradation. Information from maps, survey notes, and aerial 

photos often can be used to determine changes in channel patterns and rakes of 

channel migration. 



COMPILATIOII OF' SELETQ FIELD DATA 

Although many field studies have been undertaken to collect data on local 

scour at bridge crossings, it is difficult to find compilations of field data 

that are complete and consistent. The reports are scattered through the lit- 

erature, the methods of making observations are not standardized to any 

degree, and different investigators may measure and report different 

variables. Hany of the earlier reports do not contain complete data. For 

example, the studies of the Ganges River reported by Inglis (1949) contain 

only the water discharge, the mean size of bed sediments, and the total 

scoured depth, y + y,, measured from the water surface to the bed at the 

location of the local scour. Inglis used the regime theory approach to esti- 

mate the scour, which specifies the total scoured depth from the water surface 

as some coefficient times the regime depth. The regime depth depends only on 

the dominant or bankfull discharge and the mean particle size of bed material. 

The coefficient depends on pier or abutment shape, approach angle, degree of 

curvature of the channel, and other quantities that might affect the local 

scour. 

Nonetheless, at least two important compilations exist. Froehlich (1988) 

has compiled 83 sets of field data for pier scour from published reports, and 

Zhuravljov (1978) lists data from 133 natural measurements and 41 large-scale 

tests in the Soviet Union. Both compilations are listed in Appendix B. 

Froehlich screened his data carefully, and his data sets are considered to be 

complete and consistent. No information about tbe data collected in the 

Soviet Union is given by Zhuravljov, but from the footnote of this table, it 

appears that the raw data were all reduced to equivalent scour depths that 

would have occurred if the piers had been round, and the scour depths listed 

are these equivalent depths. 

For this report, no efforts have been made to analyze the field data, but 

the data have been plotted in order to test the scour depth design criterion 

suggested by Helville and Sutherland (1988). Ratios of scour depth to pier 

diameter, y ~ / a ,  are plotted against ratios of approach velocity to critical 

velocity, V/Vc in Figure 3. All data points listed in Appendix B were 

plotted. Only a few values represent clear-vater scour, V/Vc = 1, and none of 







BRIDGE DAMAGE DUE TO SCOUR IN ARI20wA 

Data on the frequency and cost of damages to bridges and transportation 

systems in Arizona provides a framework for the magnitude of bridge scour in 

Arizona. These data are also valuable in identifying stream system that have 

experienced the most frequent and costly bridge repairs. A comprehensive data 

baee of bridge damages and cost of repairs or replacements is not available; 

however, data are available to adequately assess the cost of damages and to 

identify the streams that have a history of severe flood damage to transporta- 

tion systems. 

A joint review by the Arizona Department of Transportation and the Fed- 

eral Highway Administration (1979) reported that flood damages to roadways 

located on the Federal-Aid System in Arizona exceeded $30 million during a 

less than 2 year period. These damages were the result of four major storms 

that occurred in October 1977, Harch 1978, December 1978, and January 1979. 

These floods occurred after a relatively long period of very infrequent major 

storm activity in Arizona. Therefore many of the bridges that were damaged or 

lost to service during that time period had not experienced major flood events 

prior to that time. 

A summary of Emergency Repair Projects and costs have been reported (Si- 

mon~, Li and Associates, Inc., 1988). These are sumarized in Table 1. It is 

noted that these projects are located on only 9 of the river system in 

Arizona, and that bridges on other river systems m y  be subject to similar 

damage if infrequent and isolated severe storm events were to occur in these 

river system. 

Damage to transportation systems in Arizona have been reported by the 

Corps of Engineers in various Flood Damage Reports, and the cost of these 

flood damages have been compiled (Siwns, Li and Associates, Inc. 1988). 

Table 2 illustratea the random nature of bridge flood damage in Arizona in 

both tire and space. 



TABW 1 

S a r a r y  of Ewrrgency Repair Projects 
for bridge damages due to flooding in Arizona 

River System Number of  Cost of 
Repair Projects  Repairs i n  $1000 

(1)  (2)  ( 3 )  

G i l a  River 20 7,668 

Bassayampa River 2 634 

Agua Fria River 7 5 ,813  

New River 4 18 

S a l t  River 13 26,263 

Santa Cruz River 19 6 ,941  

Rillito and Pantana Rivers 12 684 

San Pedro River 2 113 

Verde River 1 290 

Total  Cost $48,424 



TABLE 2 

River 

Summary of Flood Dmages t o  Transporfation Systems I n  Arizona 
( f r m  Table 3.3, Simons. L i  and Associates. Inc., 1988) 

A l l  vs l  ues I n S1. 000 

. . . . .  Sa l t  River. Grsnl te  Reef Dan t o  G i l a  River 

G l l a R i v e r .  t o G l l l e s p l e D a m  . . . . . . . . . . .  
G i l a  River. Ssf ford Valley. Grahm County . . . . .  
Gi l a  River.  i n Duncan and York Val l eys. Greenl ee Cnty 

San Francisco River a t  C l i t t o n  . . . . . . . . . .  
*gales Wash. Santa Cruz County . . . . . . . . . .  
Santa Cruz R ive r  . Santa Cruz County . . . . . . . .  
Santa Cruz Rlver. Plma County . . . . . . . . . . .  

W 
0 Ssnta Cruz River.  Pinal County . . . . . . . . . .  

S a l t R i v e r .  t r o m G r a n i t e R w f  Darnto 115thAvenue . 
G i l a ? l v e r .  MarlcopaCounty . . . . . . . . . . .  
Sal tR ive r .Met roPhoan ix  . . . . . . . . . . . . .  
G i l a  Rlver.  Metro Phoenix . . . . . . . . . . . . .  
Ague F r l a  River .  Metro Phoenix . . . . . . . . . .  
A l l  Rlvers w i t h l n  Plma County . . . . . . . . . . .  
h l l  r l v e r s  w i t h i n  Greenlee County . . . . . . . . .  
A l l  r l v e r s  v l t h i n  Santa Cruz County . . . . . . . .  
A l l  r i v e r s  w l t h l n  Graham County . . . . . . . . . .  

Total tor Flood 

Flood 
Dec 1965 Oct Oct Feb-Msr Dec 
Jan 1966 1972 1977 . 1978 1978 

Feb Oct 
1980 1983 

Tota l  
f o r  River 



These statistics are presented to illustrate the magnitude of bridge dam- 

ages that have occurred from floods in Arizona, and the erratic and unpredict- 

ability of bridge damage due to floods of infrequent occurrence and limited 

aerial extent in Arizona. Therefore, there are numerous waterway bridges in 

Arizona that have not experienced scour or flood related damage; however, this 

successful record of performance of those bridges may be more related to the 

absence of major flood events rather than an ability to withstand such damage 

during a flood discharge. 

A scour project list was obtained fror the ADOT Structures Section. This 

list shows the bridge scour countermeasure projects that have been undertaken 

by ADOT since 1979. The cost of countermeasures to protect existing bridges 

against scour are shown in Table 3. Since the initiation of the bridge scour 

projects, over $7 million has been expended to construct countermeasures and 

120 or more bridges have been investigated for the need to initiate counter- 

measures. 

L 

TABLE 3 

Cost of bridge scour counterwasnres in Arizona 

Year Construction Accumulated 
Cost in Cost in 
$1,000 $1,000 

(1) (2) (3 

1979 219 21 9 
1980 2,659 2,878 
1981 1,290 4,168 
1982 694 4,862 
1983 286 5,148 
1984 465 5,613 
1985 451 6,064 
1986 1,079 7,143 
1987 0 7,143 

I 



I;enaral 
Incidents of bridge scour and reports of channel degradation and aggrada- 

tion at bridge crossings have been investigated. The source of this infona- 

tion and data, unless otherwise referenced, has been the periodic bridge 

inspection reports and miscellaneous office memorandums that are contained in 

the files of the ADOT Structures Section, Bridge Operations Services, Hainte- 

nance Branch. It is not possible to provide a comprehensive review of all 

bridge scour and channel stability problems in Arizona because the necessary 

records are not available. For the incidents that are reported herein it is 

not always pgssible to clearly and confidently relate the hydrologic and 

hydraulic factors that led up to and resulted in the damage or failure of the 

bridge. Post-flood analyses and adequate documentation of hydrologic and 

hydraulic conditions at bridges are seldom performed. ADOT recognizes the 

need for and the value of such post-flood analyses and documentation of hydro- 

logic and hydraulic conditions at bridges, however, ADOT does not have the 

personnel or resources for performing these activities. 

The following are selected incidents of bridge scour and bridge related 

channel instabilities. These incidents are presented so as to assist in bet- 

ter defining the needs of bridge scour monitoring programs in Arizona. 

This bridge was designed in 1960-1961 and constructed in 1965. The 

bridge is 1,569 feet long and is supported on 19 piers with spread footings. 

A 250-foot wide low-flow channel was constructed in 1965, and this channel was 

riprap lined to a thickness of 4 feet. The bottom elevation of the low-flow 

channel was Elevation 1078.0. Piers 6 through 9 were in the low-flov channel. 

The bottom elevations of the pier footings as-built are approximately: 

Piers 1 through 5 - about Elevation 1072, 
Piers 6 through 9 - Elevation 1066.70 to Elevation 1066.97, 

Pier 10 - Elevation 1073.49, and 

Piers 11 through 19 - Elevation 1077.77 to Elevation 1077.11 



No scour analysis was made, but footings were placed at an elevation 

about 22 feet minimum below the river bed (except for piers 6 through 9 in the 

low-flow channel), and this embedment depth included an allowance of 3.5 feet 

for scour as noted in the pier design calculations. The embedment depth for 

piers 6 through 9 was about 9 feet in the low-flov channel (Sverdrup & Parcel 

and Associates, Inc., 1979). 

The bridge has been subjected to a series of flood events as shown: 

Harch 1978 - 120,000 to 130,000 cis, 
December 1978 - 120,000 to 130,000 cfs, 

January 1979 - about 80,000 cfs, 
March 1979 - about 50,000 cfs, and 
February 1980 - about 170,000 cis. 

The bridge was designed for a 50-year flood event with a peak discharge of 

170,000. 

Pier 11 settled about 9 inches during the March 1979 flood. The reported 

cause of the pier settlement was the result of lateral movement of the channel 

thalweg during the March 1978 flood. The riprap lined, low-flow channel was 

not effective in controlling the main channel of the river at flood condi- 

tions. The pier undermining was probably the result of general scour due to 

lateral migration of the thalweg and local scour at the pier. 

River bed scour data were obtained using boat mounted sonar during 27 

February through 5 March 1980 during the recession of the February 1980 flood. 

These data were obtained for ADOT by Dames and Hoore, Inc. to monitor the 

scour and placerent of riprap during the flood. The maximum scour depth 

measured was upstream of pier 9 at an Elevation of 1068.5 (footing Elevation 

1066.97). The discharge during the monitoring was less than 14,200 cfs which 

is considerably less than the estimated peak discharge of about 170,000 cfs 

tbat occurred about 12 days prior to the Bonar reasurement program. The 

maximum scour depth at peak discharge is unknown. 

This bridge was replaced in 1986 (Structure lo. 20031, and the older 

bridge was removed. 



This bridge was designed in 1968, redesigned in 1971, and constructed in 

1972. The bridge is 405 feet long and Is supported on four piers with spread 

footings. Pier No. 1 has steel piling and a pile cap with the piling driven 

to bedrock. The river bed elevation at the timc of construction was about 

Elevation 1390 and the deepest footing is for pier 2 with Elevation 1374.61 

(less than 15-ft embedment depth). The abutrents and roadway embankments were 

lined with RB-2 Type A bank protection. The embankments were faced with rock 

rubble above the railbank. The bridge was designed for a 50-year flood with a 

peak discharge of 15,000 and the bank protection was designed for 25,000 cfs. 

The bridge is located about 2 miles downstream of Lake Pleasant, a reservoir 

formed by the construction of Waddell Dam in 1927. 

In Harch 1978, 16,000 cis was released from Lake Pleasant because of high 

runoff. No damage to the bridge was reported. In December 1978, about 60,000 

cfs were released to prevent overtopping of the dam. Inspection of the bridge 

after the December 1978 flood indicated that pier 1 had settled about 5 to 6 

inches, the 7-ft diameter pier column had cracked, and the superstructure was 

shifted laterally at the west abutment. 

The reported cause of the bridge damages was the result of the December 

1978 flood flows overtopping the railbank protection by 2 to 3 feet and erod- 

ing the west abutment, erosion of the abutment riprap, and undercutting of the 

toe (Sverdrup & Associates, Inc., 1979). This resulted in the flow being 

reoriented toward pier 1 which led to streambed scour and pier settlement. 

The west abutment and pier 1 were constructed in the streambed containing 

coarse gravel, cobbles, and boulders of undetermined depth. The remaining 

three piers were founded on bedrock. Pier 1 was founded on erodible material 

at an elevation 1.80 feet higher than the pier 2 foundation on bedrock. The 

riprap abutment protection ray have been adequate for the design flow of 

25,000 cfs; however, the riprap toedovn depth was not deep enough nor the bank 

protection high enough for the 60,000 cfs flow event. 

This bridge, built in 1953, is 332 feet long and is founded on 10-inch 

steel piles (10BP42). During the flood of 1 October 1983 the bridge suffered 



scour damage due to a conkbination of bigh flows and debris load on the piers. 

Pier 4 rotated vertically with the upstream end settling about 0.61 foot. The 

bridge was repaired by jacking the superstructure and placing shims under the 

upstream girders of pier 4. The repaired pier was satisfactorily tested with 

a load of 106 tons. The bridge was subjected to another severe flood without 

incident on 28 December 1984 that completely submerged pier 4. 

In June 1985, while working on a contract for channel rehabilitation to 

prevent further scour problems, excavation around the upstream end of pier 4 

revealed extensive damage to the steel piles. The first four piles were bent 

back completely beneath the pile wall and approximately one-third of the pier 

was resting on logs, branches, debris, and loose alluvium. Evidently, this 

had happened during the October 1983 flood and the damaged piles and submerged 

debris had been buried during the recession of the flood. The damaged piles 

and highly scour susceptible pier would not have been diacovered had it not 

been for the rehabilitation work. 

- River -- 1243. 1244. 

This location consists of three bridges; the northbound 1-19 bridge 

(Structure No. 12431, the southbound 1-19 bridge (Structure No. 1244, and the 

Mission Road ramp bridge (Structure No. 1547). The 1-19 bridges were con- 

structed in 1967, and the design discharge was 22,000 cfs. Heavy flood runoff 

during 9-10 October 1977 caused damage to tbe south abutments of the 

northbound and southbound bridges and to the west abutment of the Mission Road 

ramp bridge. The flood had a duration of about 18 to 20 hours with a peak 

discharge of about 22,000 cfs. The depth of flow was about 10 feet. Damage 

was similar for the three bridges. Tbe sheet piling protection around the 

abutments was eroded from behind and the embankment fill material was piped 

through the piling. The piling was bent over towards the piers. The 

streambed had degraded about 5 feet since the previous inspection. 

The bridges were repaired and put back into service. On 19 Decerber 1978 

the Santa Cruz River flooded again. The flood had a duration 7 to 8 hours and 

a peak discharge of about 12,000 cis. This time, the wire-tied bank protec- 

tion above the sheet piling on tbe north abutment of the northbound bridge 

failed. Onring the flood of October 1977 the thalweg was adjacent to the 



south abutment of the bridges. Repairs to the bridges resulted in re- 

alignrent of the low-flow channel to prevent further damage to the sheet pil- 

ing at the south abutment. Perhaps because of this re-alignment the north 

abutment was more directly attacked. The flow conceivably undermined the fill 

materials behind the bank protection which resulted in some damage to the 

embankments. The railbank protection along the roadway embankaent upstream of 

the north abutment was undercut by the streambed degradation. 

The sheet piling protection along the west abutment of the Mission Road 

ramp bridge along with the railbank protection and the wire-tied riprap were 

severely damaged. The front row of pilings along the west abutment were 

totally exposed. 

After the 1978 flood the entire bank protection was extensively rebuilt 

by removing the sheet piling and replacing it with loose riprap. This repair 

was monitored after each runoff event and s w e  settlement and movement of the 

riprap was observed. A flood on 4-6 February 1983 with a peak discharge of 

about 5,000 cis resulted in the loss of about 150 feet of the dumped riprap on 

the north abutment of the northbound bridge. It was also reported that there 

was other minor damage including some scour of the mainline bridge piers. 

This is the first account of pier scour being evident at this bridge. Recom- 

mendations were made for additional bank protection including a spur dike tied 

into the bedrock bank about 300 feet upstream of the bridge. 

On 3 October 1983 a major flood on the Santa Cruz with a peak discharge 

of about 45,000 cfs occurred which resulted in the erosion of the north bank 

protection and loss of the north abutment of the northbound bridge. With the 

loss of the abutment a span of the bridge deck collapsed. 

353 

The northbound bridge (Structure No. 353) was built in 1951 and the 

southbound bridge (Structure No. 906) was built in 1967. In 1968 C-23 Type A 

bank protection was added to the upstream south approach roadway, and later 

C-17.01 Type 2 railbank protection upstream and between the two bridges was 

added. In 1982 a concrete floor and spur dike were added to the bridges for 

scour protection and flow alignment. 



Flooding of Aqua Fria Canyon occurred on 9 October 1977 with a peak dis- 

charge of about 11,000 to 12,000 cfs and a peak duration of about 2 hours. 

Stream flows can be affected by storage in Pena Balance Lake which is located 

about 7 miles upstream. The Frontage Road bridge which is on old Highway 89, 

and is located about 700 feet upstream of 1-19 was destroyed. The bridge 

apparently failed due to scour of the spread footings supporting the piers 

because the abutments and upstream railbank protection remained intact. The 

flow crested at a stage about equal to the bridge deck elevation, A 100-foot 

overflow section adjacent to the south abutment did not provide adequate con- 

veyance to prevent loss of the bridge. This bridge was replaced in 1979 by 

Structure No. 1703. 

At the southbound bridge (Structure No. 906) flow from the October 1977 

flood overtopped the north abutment by about 1 foot over the roadway. This 

overtopping eroded a section of roadway embankment and undermined the approach 

slab to the bridge. The north channel bank upstream of the bridge moved about 

20 to 30 feet laterally exposing the north abutment. The northbound bridge 

(Structure No. 353) was not seriously damaged. Flow did not overtop the 

bridge or approaches. Relatively minor scour occurred behind the downstream 

wing walls of both the northbound and southbound bridges. Erosion also 

occurred behind the upstresr north wingwall of the northbound bridge as flows 

that overtopped the southbound bridge re-entered the watercourse in the median 

and flowed under the northbound bridge. 

Stream bank protection was repaired and extended as a result of the 1971 

flood. On 9 October 1983 the bridges were subjected to a flow of about 7,000 

cfs. About 125 feet of the north upstream railbank protection and about 30 

feet of dumped riprap on the nose of the south spur dike were damaged. 

160 0 
This bridge was diuaged during the flooding of October 1983. The duped 

riprap at the east abutment was almost completely eroded for a length of about 

40 feet. The channel degraded about 2 feet under span n u b e r  1 and about 1 

foot under span numbers 2 and 3, and the channel aggraded as much as 2 to 3 

feet under span numbers 6 and 7. 



Piers 1 and 2 settled about 2.4 inches. The foundation records indicate 

that the B piles were driven through alluvium to or near the top surface of 

hard red clay. These are apparently relatively short piles which may have 

contributed to the loss of foundation capacity. 

o Creek m s  (Structure Ms. 391 @ 85U 

These bridges bave been subjected to channel degradation. During 1981 to 

1988 the channel cross-sections in the bridge inspection report indicate a 

degradion of up to 8 feet. As of the 1985 bridge inspection, 'the piles were 

exposed about 2.4 feet beneath the pile caps for abutment number 1 and piers 1 

through 4 of the westbound bridge, and the piles were exposed about. 2.5 feet 

beneath the pile caps for piers 1 through 7 of the eastbound bridge. 

During the October 1983 flood the north Frontage Road and embanbent were 

overtopped and about a 50-foot wide section was washed out behind the abut- 

ment, and much of the bank protection and riprap were eroded. 

(S-are 1 0 8 5  1086L 

The south approach embankments to both of these bridges were washed out 

during the 5 October 1983 flood. The bridges cross a wide, flat floodplain 

and have a structure length of about 1,000 feet. The low-flow channel is 

located along the south abutment. A gravel pit is located about 1,000 feet 

downstream of the bridges and ia protected from flooding by a low, "soft" 

dike. The SO-year design discharge is 33,000 cfs at a stage of 1192. The 

peak discharge during the flood has been estimated at 60,000 cfs and stage of 

1197. 

During the flood the floodplain was 4,000 to 6,000 feet wide, and the 

south overbank flow was estimated at about 50 percent of the total flow. No 

damage occurred prior to the failure of the downstream dike around the gravel 

pit. Backwater may bave inhibited the flow contraction into the bridge water- 

way thus avoiding a local sconr. Upon failure of the dike, the roadway 

approach embankent began to scour imediately and progressed rapidly. 

The cause of the failure was reported to be the result of local sconr 

caused by a combination of extremely large flows in excess of the design 



discharge, large overbank flow being constricted at the bridge opening, inade- 

quate bank protection for this discharge (the bank protection was overtopped 

by about 3 feet), and a backwater that was rapidly drawn down after 

overtopping of the downstream dike. The velocity of the ponded upstream water 

probably accelerated greatly when the dike was breached and flood flovs 

entered the gravel pit and this may have precipitated the failure. 

About 400 to 800 feet of the south approach roadway was lost. Soundings 

taken several days after the failure indicated a scour hole adjacent to the 

south abutment of about 14 feet deep. The maximum scour depth at peak dis- 

charge is unknown. 

Post-flood measurements showed that the new low-flow channel is about 2 

feet higher than that existing when the bridge was built. Channel aggradation 

may be occurring for a variety of reasons including the constriction of the 

flood plain to about 25 percent of its normal width. 

U-S. 89 -ae ( S t m S = e  No. U2L 
This bridge has experienced periodic channel aggradation problems. This 

may be caused by the heavy growth of tamarisk and by the meandering downstream 

channel that have resulted in reduced flow velocities and reduced sediment 

transport capacities. 

This bridge has been experiencing a consistent trend in channel aggrada- 

tion since its construction i~ 1969. The streambed has undergone about 7 feet 

of aggradation during the period 1955 through 1983. Heasurerents of the 

cross-section at the bridge and calculations of the discharge capacity are 

shown: 

Year Cross-Section Area Discharge Capacity 
square feet cf 8 

1955 3,766 57,000 

1976 1,892 18,900 

1980 1,591 12,900 

1983 1,431 10,600 



Field inspections have been conducted to determine the cause of the 

continuing aggradation but no geowrphic factors have been positively 

identified. It has been observed that springs occur locally within the 

drainage basin. Tamarisk with stands of cottonwood trees exist in the 

vicinity of the bridge for several miles both upstream and downstream. Also 

there are small fields of cultivated corn scattered along the bottoa of the 

wash for several miles downstream of the bridge. About 5 miles downstream of 

the bridge the riparian vegetation reverts to that characteristic of high 

desert. This bridge was replaced in 1986 by Structure No. 2010. 



PART 2 - IIIPLQIQPPATIOII OF PROGRAMS II  ARIZOllA 

This research has resulted in recomendations for three general types of 

activities that should be undertaken by ADOT: 

1. The development of bridge data files. 

2. The implementation of certain bridge scour pilot programs. 

3. The implementation of a phased program for monitoring aggradation, degra- 

dation, and lateral migration. 

Ultimately, the results of these three activities must serve the needs of 

ADOT in regard to the design of new bridges, the Bridge Scour Team, the design 

of bridge scour countermeasures, and the bridge inspection program, and there- 

fore, ADOT must assume responsibility for these activities. However, it is 

recognized that ADOT has constraints in regard to staff time and capabilities. 

Therefore, ADOT may have to contract some or most of the activities that have 

been recommended. Long-term field data collection programs should be nego- 

tiated directly with the USGS. ADOT is presently comunicating with the USGS, 

Arizona District, in this regard and an agreed scope-of-work should be 

negotiated and implemented. Sore of the reconmendations, particularly for the 

bridge scour pilot programs, require special qualifications that are normally 

beyond the capabilities and staff limitations of ADOT. The USGS ray want to 

include some of these within its scope-of-work, if so, these should be nego- 

tiated with the USGS. However, ADOT ray desire to implement some of the 

recomendations that neither ADOT nor the USGS can undertake, and in that 

case, a request for proposals should be prepared and the work carried out 

under contract. Finally, because of the need for a cooperative effort between 

A M ,  the USGS, univer8it.y research groups, and possibly one or more consul- 

tants, a special consultant should be retained to serve in a review and advi- 

sory capacity. The special consultant would assist ADOT in defining the 

scope-of-work to be negotiated with the USGS, would assist ADOT in organizing 

and implewnting its bridge scour activities, and would assist in prioritizing 

projects for which consultant services would be required. The special consul- 

tant could also be retained to be available for other assignments, such as the 



ivrediate responae to bridge scour incidents, for review of the design of new 

bridges and scour countermeasures, and for assistance in plans to install 

scour measuring equipment at new bridges. 



BRIDGE DATA FILE 

General 

A bridge data file is a compilation of information concerning the design 

and construction, scour countermeasures (if any), bridge scour and flood 

related incidents, bridge inspection data, flood records, scour data, and 

information relating to the hydraulics, hydrology, and gemrphology of the 

watercourse. The intent of establishing and maintaining bridge data files is 

to have a record of each bridge so that potential scour and channel instabil- 

ity can be periodically and systematically monitored, and so that statistics 

of bridges can be compiled and analyzed in regard to assessing bridge design 

procedures and success of scour countermeasures. Specifically, the bridge 

data files will provide information to: 

1. Assess the susceptibility of each bridge to scour and channel instability 

problems, 

2. Develop a statistical base for the assessment of the relative success of 

various design and construction methods to protect bridges against scour, 

3 .  Identify bridges that should be monitored for scour and channel instabil- 

ity, and 

4 .  Identify bridges that are in need of bridge scour countermeasures. 

Two types of data files should be developed for each bridge. One would 

be a document file containing engineering drawings, photographs, reports, mem- 

o r a n d w ,  and narrative descriptions of flood events and scour incidents. 

Presently, ADOT maintains a file that contains the inspection records for each 

bridge. This file should be expanded into the recorended document file with 

the bridge inspection record being a subset of that file. The other would be 

a coaputerized data base file for each bridge containing statistics, data, and 

key information on the bridge. A conprehensive computerized data base file 

should be produced that would be a sumary of key statistics for each bridge 

in regard to design and scour. 

ADOT presently has a comprehensive computerized data base file and it may 

be possible to expand this existing file, as needed. Tbis existing file has 

been produced by using corercially available software. It is understood that 

this file is not at capacity and that more colunns of data could be added. 



This software has numerous data management options including importing and 

exporting files, sorting data, rearranging the data columns for output files, 

and other format functions. This software is maintained and executed on per- 

sonal computers with hard disks that are used by the ADOT Bridge Section. 

Such a data file can be used to identify bridges that may be susceptible to 

scour. Informative tables could be produced from this data base or an 

expanded data base. It is recommended that this system be evaluated for use 

in producing the individual bridge data base files described below. 

Eventually, the bridge data files should serve the needs of management, 

deeign, operation and maintenance, and research. Logically, the files should 

merge into or be compatible with s m e  kind of data information system, such as 

a GIs (geographical information system) , with scanning capabilities for data 
entry so that plans, figures, photographs, and entire documents can be entered 

into computer files. Most comercia1 spread sheets are compatible with exis- 

ting information systems. 

The bridge data files are a central part of the long-term bridge scour 

monitoring program, and this program should not be considered fully implem- 

ented until these bridge data files are produced. However, some of the pilot 

programs and monitoring programs could proceed concurrently with the 

generation of the data files. The interaction of the pilot and monitoring 

programs to the bridge data files is shown in Figure 4. 

The following is a description of the data that should be compiled and 

entered into these files. Initially, there would have to be a significant 

effort to compile the necessary data and to enter the data into the files. 

Subsequently, both the document files and the computerized data base files 

would be updated after the biennial inspection of each bridge, after major 

repair projects and bridge scour countermeasure projects, and after major 

floods and/or bridge scour incidents. Because of the effort that will be 

required, the initial files should be generated with the assistance of an 

engineering consultant; the files should be updated periodically and main- 

tained by A m .  





It is recomaended that a reasonable effort be expended to compile engi- 

neering and historic records for each bridge into the document file. This 

work element should be conducted as a cooperative effort of ADOT and an 

engineering consultant (EC). ADOT staff would be responsible for compiling 

the basic data and the consultant would be responsible for preparing the nar- 

rative descriptions of bridge incidents, and performing the aerial photograph 

search. The following are suggested: 

Activity 

1. Engineering drawings of piers, abutments, and flow ADOT 

alignment works. 

2. Dates of: ADOT 

a. Original construction, 

b. Repairs and rehabilitation8 affecting the bridge 

hydraulics, and 

c. Bridge scour countermeasures, if any. 

3. Latitude and longitude of bridge (needed to locate EC 

aerial photographs and remote sensing data). 

4. Record8 and descriptions of hydraulic bridge inci- ADOT/EC 

dents, if any. 

5. All available photographs of the bridge, with ADOT 

annotations. 

6. List of aerial photographs (with dates, scale, and EC 

source of photography) that are available from the 

National Cartographic Information Center (USGS, Den- 

ver) and other sources. 

7. Copies of all reports and mewrandus concerning 

bridge hydraulics and f loode. 

A systematic approach for evaluating the vulnerability of existing 

bridges to scour is outlined in FEUA (1988). Bridges vulnerable to scour 

damage are called "scour critical" bridges. The recowended procedures are 



designed to identify bridges that may need to be repaired or replaced or that 

need scour countermeasures or bridges that require more intense bridge scour 

monitoring programs. The bridge data files proposed here should assist in the 

evaluation. As part of the evaluation, data available in the bridge inspec- 

tion files on the gecmetry of the waterway collected during each biennial 

inspection need to be compiled and analyzed so that monitoring programs can be 

defined and bridges needing scour countermeasures identified. 

The bridge waterway geometry data should be digitized, and these data 

analyzed for trends and sudden changes. All the data from the bridge inspec- 

tion files should be digitized and all new data should be digitized as it 

becomes available. The data would be entered into a data file and analyses of 

the data conducted. 

The bridge geometry data from the bridge inspection program are obtained 

during the biennial inspection of each bridge. The field measurements are 

made by dropping a tape from the bridge deck and measuring the distance to the 

channel bed. This measurement is then plotted in the field on a sketch of the 

bridge waterway. Presently, the measurements are not recorded. This proce- 

dure could result in some errors because of mistakes in plotting the data in 

the field, and digitizing from these field sketches wo-ild not be as accurate 

as using the recorded measurements. It is recomended that this field proce- 

dure be reviewed by ADOT in light of the need for recording and analyzing 

these data and that consideration be given to recording the measurements in 

the field in addition to making the field sketches. 

The data analysis would consist of calculation of bridge waterway area, 

thalveg width, mean channel bed elevation, and minimum thalweg channel bed 

elevation. Graphs would be prepared showing these variables plotted against 

time. These graphs would be used to identify trends or sudden changes in 

channel geometry. These channel geometry changes my be related to flood 

events or activities at the bridge that would be documented in the historic 

and hydrologic data files. 

It is recommended that the initial data compilation be undertaken by a 

consulting engineer. The consultant would select the data analysis software 

(possibly the software in present use by ADOTI and would design the data base 



system. The consultant would use these data to perform the first data analy- 

sis. The software and files would be delivered to ADOT, AMYP staff would be 

trained by the consultant, and all subsequent analyses of data would be 

performed by ADOT. 

This work element would be conducted as follows: 

Activity 

1. All existing bridge waterway geometry data would EC 

be digitized. 

2. A data system and analysis program would be EC 

selected and designed. 

3. The data would be entered into the data file, EC 

analyzed, and a summary of analyses results 

prepared. 

4. The software and files would be delivered to A W T  EC 

and ADOT staff trained in its use. 

5. Files would be maintained and updated analyses ADOT 

performed each subsequent year. 

Hydrologic data of interest to a bridge scour program consist of fre- 

quency and magnitude of flood peaks, frequency of mean daily discharges, and 

discharge-stage relations. These data are available for streamgaging stations 

maintained by the USGS. Only a limited number of bridges will have stream- 

gages in the near vicinity for which such data will be available. However, it 

is likely that stream gage data will be available for many of the major 

watercourses and these data should be analyzed where available. These data, 

although available only for a limited number of bridges, may provide the nec- 

essary docurentation of the hydrologic aspects of bridge scour and channel 

instability to allow extrapolation of relations to ungaged sites. 



The hydrologic analyses that are recamended are: 

Activity 

1. Flood frequency analyses - The USGS is presently USGS 

performing a flood frequency analysis for Arizona 

and the Southwest and the results of this study 

should be available during the next two years. 

These results should be incorporated into the appro- 

priate bridge data files when they become available. 

Flow-duration analyses - Flow-duration curves should 
be prepared for each streamgage station for which 

flood frequency is being performed. This will 

provide information on the frequency of discharges 

in watercourses, and will be of value in selecting 

sites for pilot and monitoring programs because they 

will indicate which bridges are more likely to have 

discharge events. 

3. Bed elevation trends and stage-trend analyses - A 

stage-trend analysis is a time series analysis of 

the stage associated with a specified discharge at a 

gaging station. Stage-trend analyses will indicate 

watercourses that have undergone some change in 

hydrologic regime; for example, aggradation, degra- 

dation, channelization, and floodplain encroachrent. 

USGS 

USGS 

Other file data such as channel plan and profile, bed and bank material, 

geolrorphic data, and any infonation on hydrologic characteristics will need 

to be compiled from llDOT and USGS files or will need to be collected. If 

extensive field work is involved this should probably be contracted to the 

USGS, universities, or consultants. 



The document file on each bridge would consist of the following: 

Engineering drawings 

Chronology of construction, repairs, rehabilitations, and flood incidents 

Descriptions of flood incidents 

Photographs 

List of available aerial photographs 

Copies of all pertinent reports and memorandums 

Flood frequency data and analyses 

Flow-duration table and graph 

Stage-trend analysis 

Bridge section geometry from the bridge inepection reports 

Results and graphs of bridge section analyses 

Biennial bridge inspection records 

Information on channel bed and bank material 

Any cross section and channel plan and profile data 

A computerized data base file would be developed for each bridge that 

would contain as a minimum the following entries: 

1. State route and mile post number 

2. ADOT structure number 

3. Latitude and longitude 

4. Waterway name 

5. Year of construction/Year(s) of repairs and rehabilitations 

6. 'Year of scour countermeasure project 

7. Design discharge, cfs 

8. Streamgage available (Y/N)/Name and station number 

9. Flood frequency table; 100-yr, 50-yr, 25-yr, and 10-yr discharge (if 

streamgage data is available) 

10. Flow-duration table (if streamgage data is available) 

11. Stage-trend analysis (if streamgage data is available) 

12. Bed and bank material inf onation 

13. Channel plan, profile, and cross section data 



14. Dridge Sectdon Geometry table (for each year of inspection) 

Year 

Waterway area 

Thalweg width 

Mean channel/bed elevation 

Minimum thalweg channel bed elevation 

The bridge data files should be used to identify bridges that are suscep- 

tible to scour and channel instability problems and to select bridges for 

monitoring programs especially monitoring programs for general scour, 

aggradation, and degradation. The files would be very beneficial in post- 

flood reconstitutions. The data files would also be the repository for all 

scour data from the pilot and monitoring programs. Eventually, as scour data 

becomes available, these data files would be used to test, modify, and develop 

bridge scour predictive equations and procedures, such as those recommended by 

FBWA (19881, and to store data for boundary conditions and input for matheaat- 

ical models. 

As previously indicated, the Bridge Section of ADOT presently has a com- 

puterized data file with valuable data on all of its bridges, and a bridge 

inspection file is also maintained. However, the existing files probably 

cannot be used efficiently to set priorities for scour countermeasures or 

monitoring; for example, the frequency and magnitude of flood flows, channel 

bed and bank materials, and history of channel aggradation or degradation, and 

other factors will influence potential bridge scour. Therefore, it is recom- 

mended that these files be expanded as described. 

It will be possible to quickly and econolrically extract information from 

the suggested bridge data files. For example, it would be possible to list 

bridges for which the mean channel bed elevation has been decreasing, or to 

list bridges for which the waterway area has been increasing, either of which 

would indicate active general scour or channel degradation; or to list bridges 

for which the waterway area is decreasing indicating channel aggradation. The 



data files could also be ueed for a variety of administrative and management 

functions; for example bridges could be listed according to date of construc- 

tion, state route, frequency of maintenance, etc. 

The iraediate use of the bridge data files would be to perform the neces- 

sary data searches to identify bridges that are experiencing channel aggrada- 

tion, degradation, or scour. Upon completion of this computerized search it 

would be possible to select and prioritize bridges for the monitoring program 

for channel instability. The data search, sort, and output files should be 

developed by a consultant, and the consultant should implement the files for 

the purpose of selecting and prioritizing bridges for monitoring programs. 



BRIDGE SCOUR PIlr(rP PROGPMS 

General 

Before long-term data collection programs are undertaken in Arizona on 

scour at bridge crossings it will be useful to implement some pilot programs 

of short duration and limited extent. The purposes of the pilot programs are 

to develop methodologies; to test equipaent, techniques, and procedures for 

data collection; to provide opportunitiee for training and for the preparation 

of guidelines, instructions, training and techniques manuals; and to identify 

possible areas for needed research and development. Some useful data on scour 

and related processes can also be collected in connection with the pilot proj- 

ects, but it is likely that only a long-term program can provide the informa- 

tion over the full range of hydrologic, geographic, and sedimentary conditions 

that are of interest to ADOT. 

This report outlines several pilot projects and recmendations for their 

implementation. These are discussed as separate activities, but there is no 

reason why they could not be combined into several or a single project or 

incorporated into a longer-term data collection program if ADOT desired to do 

so. 

Data collection programs can be implemented at various levels of costs 

and complexities. Information about scour at bridge crossings and related 

processes can be obtained by the following types of programs: (1) campilation 

and analyses of data on past bridge failures, (2) post-flood reconstitution, 

(3) direct observations by nobile teams, (4)  direct observations at sites with 

fixed installations, and (5) physical rodel studies. Each of these approaches 

has advantages and limitations that are discussed in the following subsec- 

tions, and probably, an effective program for ADOT should incorporate appro- 

priate elements from each. 



As previously discussed, permanent records of bridge failures and floods 

should be maintained, and all relevant data should be entered into computer 

data files to facilitate access and analyses. Statistical summaries should be 

updated periodically to provide information about the types of failures and 

their distribution in time and space, flood return periods, remedial measures, 

costs, etc. Information of this kind should be used in planning programs and 

budgets, in identifying design deficiencies, if they exist, in setting priori- 

ties for research and developuent, and other related managerial activities. 

However, it is unlikely that much quantitative information on hydraulic 

conditions and scour depths can be extracted from historical records of fail- 

ures, because records are often incomplete. 

- 
In this approach, flow parameters are estimated by indirect discharge 

measurements (slope-area or width-contraction methods) and scour depths are 

estimated by direct observation, probing, excavation, penetration tests, 

ground penetrating radar, or other types of post-flood examinations. This 

might be the only way to collect data on many Arizona streams, but the data 

are not likely to be very accurate, and usually it is impossible to determine 

when the maximum depth of scour occurred or to identify the time-history of 

the scour development. The method becoaes aore effective if sore advance work 

is done at the site so that scour depths can be estimated by tracers, buried 

chains, motion-activated radio transmitters, ground penetrating radar, etc. 

Successful application requires experienced personnel and quite a bit of field 

work, but fairly simple equipment. 

ziwJcmm 
This approach is described and evaluated by Jarrett and Boyle (1986) and 

Norman (1975). It is a very effective method for collecting data provided the 

sites are accessible, the floods are of long enough duration to make the 

observations, and work can be conducted from a boat or froll the bridge deck. 

Probably, there are a limited nuaber of sites in Arizona where these condi- 

tions apply. The equipment needed for this is standard streamgaging, sar- 

pling, and sounding gear. Succeseful application requires fairly detailed 

advance work for site selection and an experienced t e a  to collect the data. 



- 
Fixed installations provide the greatest opportunities for collecting 

detailed information about scour, sediment transport, and channel processes. 

They are most effective on perennial streams where there is a wide range of 

stage between low flow and floods. Usually, the installations are expensive 

to inetall and maintain and they may be plagued by vandalism, but where they 

can be used, they are effective. 

1 St*  

Model studies are most effective where they are used in connection with a 

fixed installation so that the correspondence between model and prototype can 

be established. This approach was pioneered by Laursen and Toch (19561, but 

it has not been used very extensively. Confidence in &el studies would be 

increased substantially if more studies of this kind were carried out for 

which prototype data were available. 

A variety of techniques for collecting data on perennial streams have 

been tried and proven, but many of these techniques are not applicable to 

flows of ephemeral stream of arid regions because of high velocities, rapid 

changes of stage, the short duration of the floods, debris, and other hazards. 

Methods that might be applicable apparently have not been tested. So far as 

can be detenined, no reliable complete data on local scour at bridge piers 

for streams in arid regions have been published, and apparently very little, 

if any, has been collected. 

In order to evaluate equipment, methods, and procedures, an evaluation 

matrix was prepared listing 12 methods or items of equipment and rating each 

qualitatively as to cost, accuracy, reliability, and other criteria. The 

evaluation mtrix, Table 4, shows that m s t  of the items are untested so far 

as their utility in Arizona stream is concerned, and the table identifies 



TABLE 4 

ADOT Bridge Scour Study 

Evaluation Criteria Matrix 

for equipment, methods, and procedures 
for measuring and monitoring bridge scour. 
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1. Ground penetrating H ?I H H H H H M L U,T Usedinperennialstreams, 
radar needs to be tested for use 

in Arizona. 

2. Ground penetrating H H H H H H H M L U,T Needstobetestedforuse 
sonar in Arizona streams. 

3. Side scan sonar 

4. Sonic sounders 

5. Conductance meter 
on pier 

6. Fully instrumented 
experimental pier 

7. Laboratory model 
study 

8. Mobile team w/ 
standard equipment 

9. Post-flood 
reconstruction 

H L M H H H H L L  U Used in large perennial 
streams. 

L H H L H L L L L  U Cannot be used in debris 
laden streams. 

H L - ~ M H H M M H L  u Vandalism and maintenance 
may be a problem. 

H H H H H H H H L  U Vandalism and maintenance 
may be a problem. need 
controlled flows. 

n H L M M H NA H NA M Useful inconjunctionwith 
No. 6. 

H ~ ~ ~ M H H H H  u USCS uses this effectively. 
high intensity activity 
during floods, permanent 
crew required. 

l4 L L-M H NA H H H H T Very useful anywhere 
Should be developed. 

a. Indirect flow L M M L M H H M L  M Standard. 
measurements 

b. Excavation for M U U M - H N A  H H H N A  U Needs to be tested for 
sedimentary for use in Arizona streams. 
structures 

10. Tracer particles L L L L L L H H L  T Probably has limited utility. 

11. Buried transmitters M M M L L L H H L  T Have potential and should 
be tested. 

12. Buriedchains, taps, L L L L L L H H M H Standard techniques in arid- 
pier collars, etc. zone f l u v i a l  wrphology. 

H = High 
M = Medium 
L = Low 
U = Unkown or untested 
T = Test during pilot project 

NA = Not applicable 



a number of items that we believe should be tested as part of a pilot program. 

This matrix served partially as a basis for the pilot programs discussed 
below. 

for Pilot P r o a r m  

Five pilot programs have been considered. These are: 

1. Ground penetrating radar. 

2. Buried transmitters. 

3. Post-flood reconstitution. 

4. Mobile teams. 

5. Fixed installations. 

Some of the pilot programs listed above could be combined if suitable 

sites are available, or could be incorporated into a long-term data collection 

program if the resources to do this are available. In particular, certain of 

the equipment could be field tested together if a site could be located where 

controlled flows could be obtained, or where there is high probabil.ity of 

flood discharges occurring each year. 

Ground penetrating radar (GPR) is widely used today in certain geophysi- 

cal applications, and it is presently being tested for applications in scour 

studies by the USGS and FHWA (Gorin and Baeni , 1989) . It has the potential to 

map the stratification in a stream bed or around a pier or abutment. If 

arwring occurs during a scour event and the scour hole is subsequently 

filled, the GPR should be able to identify the depth of the anoring and the 

interface between the old streambed sediment and the less dense recent fill 

material. If this can be demonstrated, then the device could be used in a 

variety of scour studies. 

A pilot program to determine the applicability of GPR for Arizona should 

involve the following, as shown in Figure 4: 

- The purposes of the demonstration are to acquaint 

ADOT staff with the general principles and operation of ground penetrating 

radar and to provide examples of records that identify cross stratification in 

dry or partially-saturated streambede. The demonstration should be conducted 



by individuals who are experienced in the applications of GPR. This could be 

handled in several waye, 1) ADOT might be able to arrange for USGS and FHUA to 

come in with their equipaent for a demonstration, 2) a firm that specializes 

in geophysical exploration probably could be retained to do this. 

Id Testiea and E v u t i o n  of - This involves acquisition of the 

necessary equipment and carrying out a series of tests to determine the range 

of conditions under which GPR can be effectively used and its limitations. 

The results of field tests will need to be calibrated against ground truth. 

GPR has applications in the bridge inspection program and in many other 

highway activities, so ADOT should consider purchasing the equipment and aak- 

ing it available for the bridge scour pilot program or should include its 

purchase in the project costs. A GPR unit costs about $16,500; with one 

additional antenna, carrying cases and extra cable, the price of equipment is 

around $25,000. 

To establish ground truth, it will probably be necessary to rent a 

backhoe. Possibly, some work could be done at gravel mining or construction 

sites. For example, the Salt River Project is constructing an inverted siphon 

across the Salt River, and trenching has established that a dense layer of 

cobble exists about 10 feet below the surface. The siphon will be below this 

cobble layer. The GPR should be able to detect the cobble layer, the buried 

siphon, and the interface between the fill and the pre-existing stream bed. 

GPR measures velocity through a mediua, and through partially saturated 

alluvium, the velocity should depend in part on the aoisture content. The 

velocity can be determined directly using a buried target (Ulriksen, 1982). 

Develo-t of Fielg ProcePyE;eg - The development of field procedures includes 

preparing instructions for use of tbe GPR, establishing guidelines for its 

application, designing a checklist and instructions for collecting ancillary 

data, such as flow data, bridge and channel geometry and bed sediment samples, 

and, if necessary, developing specifications for buried targets and instruc- 

tions for their placement. Most of these items would be developed as part of 



the field testing and evaluation. In addition to the above, it would be 

necessary to establish a data acquisition and filing system to insure that all 

relevant data become part of ADOT permanent files. 

Pre-Flood Baseline St- - After applications and limitations of the equip- 
ment are defined and field procedures are established, the GPR ahould be used 

to map existing conditions at bridge piers and abutments for as many sites in 

Arizona as practicable. Priority should be given to those locations that are 

identified as high risk sites and to locations on gaged streams where the 

flood flows and the hydraulic parameters at the bridge site can be determined 

directly. 

In addition to the GPR records, it will be necessary to collect and com- 

pile data on the channel and approach geoaetry, bridge geometry, bed sediment 

size distributions, and other pertinent information. These data will be 

entered into the data files. It may be necessary to identify or install 

buried targets for calibration. 

If any floods occur at the surveyed sites during the duration of the 

project, the sites should be resurveyed to try to detect depths of scour, and 

these data along with information on flow and sediment data should be included 

in the final report. 

- Probably, three reports should be prepared in connection with this 

program, one on the field testing and evaluation, one on procedures, and one 

on the pre-flood baseline studies. 

T r m  

Hiniature transmitters have been used for a long time to track game and 

fish. Recently, they were installed in gravel and cobbles to study initiation 

of motion, particle step length, and other characteristics of bed load trans- 

port (W.  Emett, USGS, personal comunication). Transmitters of different 

frequencies could be installed in floats and buried at different depths at a 

bridge pier. These are motion activated, and they could be detected by a 

hand-held receiver or from a fixed installation activated by radio, phone, or 

by the rising water. This would give the time rate of scour during a flood 

event. For most effective use, the data needs to be combined with a stage 



record, so this should be used near or downstream of a gaging station. The 

transmitters can be detected through a certain thickness of sediaent, so even 

if the ones that float out are not detected, it should be fairly simple to go 

in after the flood and determine which of the transmitters are still in posi- 

tion. This would give an indication of the depth of scour, but it would not 

provide information about the time history of the scour development. An 

alternative approach would be to install the transmitters in rocks that will 

armor the scour hole, these could then be recovered after the flood. 

This pilot program would be conducted as follows, as shown in Figure 4: 

t A c a \ ~ ; ~ ~ i t i o ~  . . .  - The first step of this program is to meet 

with manufacturers, develop specilications for the equipment, and acquire the 

equipment. Usually, the equipment has to be fabricated, and it may be neces- 

sary to allow 30 to 60 days for delivery. 

baboratorv Testigq - It will be necessary to carry out tests in the laboratory 
or under controlled field conditions to determine the depth of water and depth 

of sediments through which the transmitters can be detected. Testing in water 

could be carried out in a laboratory with a deep sump or in a deep lake or 

reservoir. To determine the depth of sediment through which signals can be 

detected, the transmitters will need to be buried at various depths in both 

dry and wet sand. The signal attention is then determined as a function of 

the depth of sediment. 

- The most important item to be developed is some kind of floating 
container for the transmitters that will not be crushed when it is buried in 

the streambed. If the streambed is composed of coarse material, excavation 

and burial will probably have to be done with a backhoe, so considerable 

stress will be placed on the containers. If the bed is sand, the containers 

can probably be plastic bottles that are placed in holes by augering, coring, 

or jetting into the bed. 

In either case, the transmitters are expensive and should be recovered 

and reused if possible. Under stme conditions it should be possible to tether 

the containers to the pier or abutment. Tethering arrangements should be 

developed and tested. 



If the transmitters are designed to accumulate in the scour hole, they 

can be sealed with epoxy in a drilled rock or mounted in same kind of weighted 

container. 

If floating transmitters are to be used to determine both the time his- 

tory of the scour and the volume of the scour hole, the maximum depth of scour 

should be estimated and the optimum three-dimensional grid for spacing of the 

transmitters needs to be designed. This should first be done for the simplest 

case, a round pier, where the spacing will be mostly a function of the pier 

diameter. 

Site Selecti~g - During site selection, consideration should be given to at 
least one automated installation and to several sites, as practicable, using 

observers with portable receivers during floods or for post-flood reconstitu- 

tion of the scour event. Monitoring from a fixed installation will require 

mounting a receiver, antenna, scanner, recorder, and power supply under the 

bridge deck or in a suitable shelter downstream. Special provisions will have 

to be made to prevent theft or vandalism. Probably, this should be considered 

only for sites near a gaging station, because the time history of the ecour is 

not of much value without the time history of the flow. Priority in site 

selection should be given high risk locations and locations that have a high 

probability of flows. 

n of Eauiwent - Installation in streams with gravel and cobble 
beds probably will involve contracting the excavation and backfill. Bed sedi- 

ment sizes, channel and bridge geometry, and other auxiliary data should be 

collected at the same time. 

Rewrt - A report on this work should include the specifications of the equip- 
ment, the results of testing and development, the location and frequency of 

each buried transmitter, and any observations made during floods that occur 

through the life of the project. 

A list of suppliers of the types of miniature radio transmitter (tracking) 

equipment that is envisioned for this program is shown in Table 5. 



TABLE 5 

Suppliers of Radio Transmitter Equipment 

Supplier Location 

AVM Instrument Company Champaign, Illinois 
Advanced Telemetry Systems, Inc. Isanti, Minnesota 
Dav-Tron, Inc. Minneapolis, Minnesota 
Smith-Root, Inc. Vancouver, Washington 
Telonics, Inc. Mesa, Arizona 

Post-flood reconstitution involves flood routing on gaged streams and 

indirect streamflow measurements on ungaged streams to estimate flow parame- 

ters and visual inspection, probing, penetration tests, excavation, and other 

techniques to determine depths of scour. The advantages of these methods are 

that they afford wide geographic coverage, require little in the way of equip- 

ment- and involve limited manpower. They are more effective if sooe advance 

work has been done at the site and can be expanded using scour chains, 

tracers, GPR, radio transmitters, etc. 

A pilot project in this area should involve work at a few selected sites 

to develop methods and techniques and to provide opportunities for training 

and the preparation of guidelines and techniques manuals. 

This pilot program would be conducted as follows, as shown in Figure 4: 

D ~ v ~ ~ Q D  net- - Compile a bibliography, design a check- 
list of quantities to be observed, prepare a list of equipment and expendable 

supplies, prepare guides and procedures for non-standard methods (procedures 

for indirect discharge measurements are given in the USGS techniques manuals). 



v Sit= - It has been recummended that AMYF bridge records and USGS 

streamflow be compiled and analyzed. From these data it will be possible to 

classify sites: gaged or ungaged watersheds, ephemeral or perennial flows, 

rock-controlled or alluvial channels, type of bed material, if alluvial, 

accessibility, priority, etc. This site classification can be used in site 

selection for the pilot study, for selecting sites for later long-term studies 

if they are taken on, and for setting priorities for field surveys if there 

are major floods involving a number of bridge sites. 

Site S e l e c t i o n  - Field reconnaissance and the data files will be used for site 
selection. 

- Pre - Limit to five or ten sites, 
select some for advance work, carry out the necessary surveys and install 

tracers, chains, transmitters, GPR (if these methods are to be studied or have 

proven to be useful). Establish a file system and data base that will be 

compatible with existing A W T  records. Undertake the post-flood field work as 

required and report on the activities. 

Teqyl 

Jarrett and Boyle (1986) describe a pilot study carried out in Coloradc. 

The project involved about 9  an-months of effort and cost about $50,000 in 

1984 (RID. Jarrett, personal coamunication, 1989). There is no reason why a 

similar study could not be designed and carried out in Arizona. Bowever, the 

ideal conditions of the Colorado study are not likely to be found in Arizona, 

and the simple equipment and techniques used by Jarrett and Boyle (1988) can- 

not be used in debris-laden stream. A pilot study for Arizona would require a 

more complicated and innovative approach and probably would cost considerably 

more. Advance work would need to be done at the sites, perhaps involving some 

low-cost fixed installation described in the next section. Certain criteria 

need to he met for the wbile-team approach to be effective; for example, (1) 

a flood warning system, (2) ability to get to tbe site during the flood, and 

(3) restrict studies to floods of 10-year or greater return periods. Geo- 

graphic coverage is important. USGS has offices in Phoenix, Tucson, YUM, and 

Flagstaff, so they could provide a fairly broad coverage. A pilot program 

should be negotiated with USGS. 



fixed Installations 
A fully automated fixed installation is one that can collect specified 

data unattended. Ideally, if a fixed installation is designed as a research 

facility to study scour processes, it should have the capabilities to record 

as a function of tire the approach velocity and depth, the direction of the 

approaching flow relative to the piers and abutments, the water temperature, 

sediment discharge, and shape and change in volume of the scour hole. For a 

single pier, this would probably involve the installation of an upstream gag- 

ing station with a cable crossing for observations, the development of the 

stage-discharge relation, a pumping sediment sampler, an electromagnetic flow 

meter or some other directional velocity sensor near the pier, end some method 

to map the scour hole, such as a sonic sounder or series of transducers that 

can scan a specified area of the bed. The data should be recorded, preferably 

at an off-site location, in the event the bridge fails during a flood. If 

power is not available at the site, it would be necessary to install solar 

cells, a generator, or some other reliable source to power the equipment. The 

installations would need to be weather proof and vandal proof and protected 

from debris or ice damage. 

Clearly, such an installation would be expensive to install and would 

require a fairly high level of technical training for those who operate and 

maintain the facilities. However, the greatest drawback to fixed installa- 

tions is that once they are installed and operating, many years may pass 

before a significant flood occurs, so the benefit-to-cost ratio may be very 

low. Several investigators have concluded that using a mobile team is more 

effective than using highly instrumented fixed installations in studying scour 

processes (Norman, 197; Jarrett and Boyle, 1986; Alberta Reeearcb Council, 

Dave Andres, personal communication, 1989). We believe that highly instrum- 

ented and fully automated fixed installations would not be cost-effective on 

Arizona streams. 

A t  a more practical level, the bridge designer may be interested only in 

the maximum depth of scour associated with a particular flood. Tbis is a much 

simpler program, and for these cases, fixed installations may be fairly simple 

and cost-effective. 



Tbere are many techniques and devices that can be used to measure maximum 

scour depths at piers and abutments. These devices and techniques fall into 

three general categories, as follows: (1) direct bed elevation soundings, (2) 

indirect bed elevation determinations, and (3 )  tracers and other miscellaneous 

techniques. 

The most reliable method for determining scour depth is through direct 

bed elevation soundings. The simplest fixed installation for this is a verti- 

cally supported sounding rod mounted to the bridge pier that settles to the 

bottom of the scour hole. An alternative is to mount one or more transducers 

for a sonic sounder on the pier and run the power cables to the bank so that a 

single sounder could be used with many transducers. This is relatively inex- 

pensive; a reliable sonic sounder can be purchased for about $600.00, the 

transducers are about $50.00, and the power cable runs about 50 cents to a 

dollar per foot. The transducers would need to be mounted in a stilling well 

to protect against debris and to avoid air entrainment under the transducer, 

which causes loss of signal. The transducers commonly used for bed elevation 

soundings "see" through a cone of about 8 degrees, so they would have to be 

mounted a ehort distance upstream from the pier with due attention to the 

geometry of the situation. 

Indirect bed elevation determinations are made by devices mounted to the 

bridge pier and extending into the bed that can sense the water-sediment 

interface. The more comon of these are conductivity, heat dissipation, or 

light scattering devices. Laursen and Toch (1958) were among the first to use 

one of these devices, which measured conductance. Skinner (1986) reported on 

the feasibility of using casting resins for heat dissipation gages, but a 

prototype has not been fabricated or tested. These devices are not used much 

because they are not comercially available; they have to be specially 

designed and constructed. 

Tracers and other miscellaneous tecbniques involve devices that have to 

be recovered after the flood. Same of these can be used effectively and some 

are recovended in our proposed pilot programs. 



Fixed installations have not been used much in the United States or Can- 

ada to determine scour at bridge piers and abutments, and we do not recomend 

a separate pilot project for these devices. Bovever, some development and 

testing of these devices should be incorporated in both the mobile tear and 

post-flood evaluation pilot projects. Recently, The National Cooperative 

Highway Research Board (NCERB) contracted for a 27-month research project to 

develop, evaluate, and test devices for measuring scour at bridge piers, so 

any work undertaken by ADOT should be coordinated with NCERB to avoid duplica- 

tion of efforts. 

In summary, we believe that fully instrumented and autmated fixed 

installations may not be cost-effective for Arizona streams. Provisions to 

test low-cost non-automated fixed installations are included in our proposed 

pilot studies, and more elaborate systems could easily be included if ADOT so 

desires. However, any major efforts on fixed installations should be coordi- 

nated with the NCBRB efforts. 



The purposes of the pilot projects are to test equipment, develop field 

techniques, and to demonstrate the utility of certain bridge scour measurement 

programs. Pilot programs must be carried out in a relatively short time 

period, such as 1 to 2 years. It is not practical to define pilot programs 

for long-term processes such as aggradation, degradation, and lateral insta- 

bility, collectively called channel instability. Therefore, only monitoring 

programs are suggested for these long-term processes. 

Because of the complex nature and areal extent of channel instability it 

is not possible to define simple, at-a-station type monitoring programs. A 

phased monitoring program is recomended. The phased approach has been 

selected so that monitoring and data analysis for a bridge can proceed from 

fairly simple techniques to more advanced and costly methods depending upon 

the need at each site, independently of the level of effort selected for other 

sites. This approach will provide effective overview of channel instability 

potential at many bridges followed by increasingly complex analyses at bridges 

for which the simpler methods do not provide the necessary results. 

The recomended monitoring program for long-tern channel processes 

affecting bridges in Arizona is as follows, as shown in Figure 4: 

1. The bridge data files will be generated as previously described. 

2. The bridge data will be analyzed to identify bridges that may be experi- 

encing channel instability (Level 1 w n i  toring) . The types of analyses 

that are required have been discussed in a previous section. The results 

of the data analyses will be interpreted in an effort to identify the 

causes of the data trends that have been recorded. Decisions will be made 

as to which bridges warrant additional studies. 



3 .  Those bridges for which additional studies have been indicated will enter 

into Level 2 analysis. This will consist of a compilation and analysis of 

aerial photographs. The intent of this analysis will be to identify 

causes for trends as identified in the Level 1 analysis. For example, the 

aerial photographs may show changes in upstream land use such as urbaniza- 

tion or agriculture, or they may show changes in the floodplain such as 

gravel mining or channelization, or the photos may not indicate any 

discernable reason for the changes. At Level 2 it may be possible to 

define the necessary administrative or engineering actions to either 

counter the channel instabilities or the decision may be made that addi- 

tional monitoring or analyses are needed. At this level of analysis and 

monitoring one of two or both of the following could be recoulended. 

4. Field surveys (Level 3) could be performed at selected rangelines across 

the watercourse and a longitudinal profile of the channel obtained. These 

same rangelines could be resurveyed during the biennial inspections or at 

solre other time interval, as deemed appropriate. Field surveys in con- 

junction with aerial photographs and possibly satellite imagery, may pro- 

vide a comprehensive level of monitoring. 

5 .  As an alternative to or in addition to the field survey, a geoaorphic 

study could be undertaken to attempt to identify the cause of the change. 

For example, the San Pedro River in Cochise County experienced significant 

channel degradation near the turn of the century. The cause of the degra- 

dation has been identified as the result of a severe earthquake and ensu- 

ing range fires that occurred in 1887. The application of rerote sensing 

and satellite imagery may assist in the documentation of more recent 

gemrphic changes. 

It is not possible at this time to provide a cost estimate to perfon 

these studies because the nunber of bridges and the level of analyses that 

will be required cannot be determined. It is recovended that the Level 1 

monitoring be performed so as to identify those bridges for which channel 

instability may be occurring. At the completion of this level of study it 

should be possible to define the scope-of-work and cost estimate for the next 

level of analysis. 



IlIPLgllglTATIOli AUD PRIORITIES 

The projects and programs suggested here can be implemented in various 

ways, depending mostly on available financing and personnel. ADOT could do 

all of the work in-house, they could negotiate with USGS to do the work, or 

they could initiate requests for proposals to involve universities and consul- 

tants. It is unlikely that ADOT can do the work in-house because of personnel 

limitations, so some combination of the above is probably the optimum 

approach. Certainly, the data-collection programs should be negotiated with 

USGS, preferably as a part of the USGS cooperative program whereby up to 508 

of the costs are covered'by Federal funds. Some of the pilot projects might 

be suitable studies for US level theses, so possible participation by univer- 

sities should be considered. Developing the bridge files is fairly special- 

ized, and some part of this should be contracted to a consultant or firm that 

specializeo in designing computer information systems, with oversight and 

review by either ADOT or an outside consultant. USGS is a scientific organi- 

zation, they normally are not concerned about operation, maintenance or 

design, so aspects of the programs involving these items should be handled by 

ADOT professional staff or by a consultant. In the previous sections, we have 

recommended that an engineering consultant be retained to provide overall 

coordination and review and to assist AWT in other activities. 

Highest priority should be given to compiling the hard copy files and 

developing the computer data files. Uaximum use should be made of any exis- 

ting files, and any computer files that are initiated should be designed so 

that they can merge into an overall information system that eventually will 

serve the needs of managements, design, inspection, operation and maintenance, 

and research. Host comercial spread sheets can meet these requirements. 

Among the pilot programs, first priority should be given to post-flood 

reconstitution and mobile teams because these together afford wide geographic 

coverage and could be implemented quickly. Such pilot program would need to 

be defined and the cost negotiated with the USGS for  bile teams. Post-flood 

reconstitutions could be performed by the USGS or qualified consultants. The 

GPR demonstration probably should be carried out before a full corritment is 



made to that project; perhaps this could be arranged as part of the FEUA-USGS 

national bridge scour program at no cost to A m .  If the dewnstration shows 

favorable results, GPR should be given fairly high priority. 

The applications of buried transmitters have the potential to wnitor the 

time rate of change of both scour volume and maximum sour depth. This pilot 

project should have high priority as a basic research project. However, from 

a practical or applied point of view, only the maximum scour depth needs to be 

determined, and there are simpler and less expensive methods to monitor that. 

The monitoring programs to identify channel instabilities and document 

long-term aggradation and degradation processes could be implemented at any 

time on a limited basis and at fairly low co~ts. If the ADOT bridge inspec- 

tion program has already identified potential problem sites, they should be 

given high priority, otherwise we recoaaend the phased approach suggested 

above. 



It is estimated that it would take about 2 years to undertake the pro- 

grams that have been recommended in this report. The first year would mainly 

involve the development of the data files and the preliminary equipment 

testing and evaluations for the pilot programs. The end of the first year 

would result in the selection of sites for the pilot programs. The second 

year would be tbe implementation of the acour pilot programs and the initia- 

tion of the Level l channel instability monitoring program. A general time 

schedule is shown in Figure 5. 

The level of effort by an engineering consultant for each task has been 

estimated and is shown in Table 6. This estimate is based on selecting only 

about 5 to 10 bridge sites for each of the bridge pilot programs, but includes 

a Level 1 monitoring program for channel instability for all waterway bridges 

in Arizona (about 800). 

The cost of the coneultant staff time is shown in Table 6. These costs 

are based on assumed unit rates of $500 per day for an engineer and $150 per 

day for a technician. 

Two tasks, the hydrologic data analyses and the nobile Team bridge scour 

pilot program should be negotiated directly with the USGS. It is also noted 

that the ADOT Bridge Section staff would be required to contribute to the 

compilation of infor~ation for the engineering and historic data file and the 

bridge section geometry data file. Neither the negotiated cost of the USGS 

program nor the internal cost to ADOT have been estimated. 





TABLE 6 

Time Estimate for Consultant, in man-days 

Task Engineer Technician 
I. Bridge Data File 

Engineering and Historic Data 5 0 0 
Bridge Section Geometry 25 60 
Bydrologic Data Negotiate with USGS 

Generate Computer Data Files 10 4 0 
Implement Data Files and Select Site 10 0 

Sub-Totals 9 5 100 

Cost $47,500 $15,000 
11. Bridge Scour Pilot Programs 

A .  Ground Penetrating Radar 
Equipment Demonstration 
Preliminary Field Testing 
Evaluate Equipment 
Develop Field Procedures 
Baseline Studies 
Report 

5 5 
10 10 
5 5 
15 15 
40 4 0 
20 0 

Sub-Totals 9 5 7 5 

Cost $47,500 $11,250 

B. Buried Transmitters 
Preliminary Equipment Acquisition 5 0 
Laboratory Testing 15 10 
Development 15 10 
Equipment Installation 4 0 4 0 
Report 2 2 

Sub-Totals 9 5 6 0 

Cost $47,500 $ 9,000 

C. Post-Flood Reconstitutions 
Develop Methods and Prepare Guides 10 0 
Classify sites 10 0 
Pre-Flood Studies and Equip. Installation 2 0 2 0 
Report 10 - 0 

Sub-Totals 50 2 0 

Cost $25,000 $3,000 

D. Mobile Teams Negotiate with USGS 
111. Channel Instability Monitoring Program 

Level 1 Monitoring of all bridges 8 0 4 0 
Evaluation of Need for 
Additional Monitoring 2 0 0 

Report 20 2 
Sub--Totals 120 40 

Cost $60,000 $6,000 



The direct costs to conduct these studies have been estimated and are 

shown in Table 7. These costs are based on estimates of the major items that 

will be needed for this project plus the usual direct costs that would be 

associated with a project of this complexity for a 2-year period. Actual 

costs would vary depending on the site selections and equipment specifica- 

tions. 

TABLE 7 
Direct Cost Estimate 

Hajor Task Item Cost 
0 

I. Bridge Data File Computer supplies & charges 1,000 

11. Bridge Scour Pilot Programs GPR equipment 25,000 
Transmitter equipment 15,000 
Laboratory and testing supplies 2,000 
Field equipment and rental 7,500 
In-etate travel (40 days) 5,000 

111. Channel Instability Computer supplies and charges 1,000 
Honitoring Programs In-state travel (10 days) 1,250 

Hiscellaneous 

Typing and secretarial 8,000 
Telephone 500 
Postage and delivery 250 
Copy charges 7 50 
Report printing 500 
Contingencies 5,000 

-- 
Total Direct Costs $72,750 

L 



Costa 
The bridge scour programs that have been recomended will require a com- 

mitment of resources by the State of Arizona and by ADOT. It is anticipated 

that some of the financial comitment can be met by the FBWA and cooperative 

agreements with the USGS. However, ADOT will be the user of the research 

results and therefore ADOT must assume responsibility for the implementation 

of the programs to assure that the research will be responsive to its needs. 

This will require a financial comitment and a staff comitment by ADOT, and 

this is a management decision. To make such a decision requires understanding 

of the costs, benefits, and liabilities of its actions. It is not possible to 

fully estimate the costs of all programs because of factors such as the extent 

of FBUA and USGS cooperation which cannot be defined. Likewise, it is not 

possible to anticipate how ADOT would choose to distribute and manage the 

activities that have been suggested for it. The costs and time comitments 

that can be anticipated have been estimated and these are sumarized below: 

Labor Cost meet Cost Total 

I. Bridge Data Files $62,500 $ 4,000 $66,500 

11. Bridge Scour Pilot Programs 

A. Ground Penetrating Radar $58,750 $32,000 $90,750 

B. Buried Transmitters $56,500 $25,500 $82,000 

C. Post-Flood Reconstitutions $28,000 $ 6,000 $34,000 

III. Channel Instability Honitoring 

Programs 

Level 1 Monitoring 



The cost of implementing this research must be considered in terms of 

offsetting tbe design and operational costs that are associated with a 

continuation of present procedures. It is not possible to accurately define 

these costs, however data is available on the cost of repairs and damages that 

have occurred ae the result of flooding and related bridge scour. These costs 

have been identified previously in Tables 1, 2, and 3 and are summarize0 

below: 

ll!tLm& 
Emergency Repair Projects due to flooding S 48,424,000 
Flood damages to transportation systems since 1965 97,238,000 

Cost of Bridge Scour Countermeasures since 1979 7.143.oo0 
Total $152,805,000 

The benefits that can be identified with the recormended research are: 

1. A systematic means is provided to identify bridges that may be experienc- 

ing the cumulative effects of scour andlor channel instability. 

2.  Bridges that are susceptible to scour can be instrumented so that the 

extent of scour during flood events can be monitored and remedial repairs 

can be initiated, if possible. 

3. Priorities can be set for bridge scour countermeasure projects. 

4. Improved bridge design procedures can be developed that will reduce the 

uncertainty in design and construction. 

5 .  Potential damage to bridges can be assessed after major flood events. 

6 .  Bridge safety will be enhanced. 





approach and pier or abutment geometry so that the volume can be expressed as 

a coefficient, k, times the maximum scour depth, 

V - k(d.1 ( 9  1 

The equilibrium scour depth occurs when the inflow and outflow of sedi- 

ment are equal. It also is a function of the properties of the fluid, the 

sediments, and the flow, and in experimental studies, it is usually measured 

directly and related to dimensionless parameters to define empirical predic- 

tive relations. 

For clear-water scour, the second term in Equation 8 is zero. For live- 

bed scour, the first term is usually measured, the second term is measured or 

computed, and the third term is determined as the difference between the two. 

In principle, at least, to investigate scour processes, one should mea- 

sure each quantity that goes into the terms of Equation 8. In practice, this 

is rarely done. The sediment transport out of the scour hole is almost never 

measured, it is controlled by the complex vortex patterns that develop around 

the pier or abutment, and even the flow patterns are difficult to measure or 

to describe mathematically. As a consequence, the mathematical models that 

have been proposed to describe the scour processes (for example, those of 

Imamto and Ohtoshi, 1986, and Tsujimoto and Nakagawa, 1986) are not very 

satisfactory. It is clear that there is a need for fundamental research to 

measure the flow patterns around the complex geometries of piers and abutments 

and to develop the mathematical expressions to describe these flows. If the 

flows can be adequately described, then it should be possible to derive 

expressions to relate tbe sediment transport capacity to the properties of the 

flows and to investigate more fully the transport out of the scour hole and 

the sorting and armring that takes place at the base of the scour hole. 

There is substantial need for both experimental and theoretical developments. 

Scour ?- 

To now, the effects of grain-size distribution on the scour processes 

have been investigated in the laboratory for only a limited range of condi- 



tions. Whether or not these laboratory results can be scaled to field condi- 

tions remains to be determined. Scale models for rigid-boundary flows are 

fairly straight-forward, but modeling transport processes is much more 

difficult because exact similitude is rarely possible. Model results for 

clear-water scour can be transferred to field conditions with more confidence 

than model results for live-bed scour because in the latter case there are 

large uncertainties involved in trying to scale transport processes. There is 

a clear need for experimental work with a larger range of grain sizes and for 

investigations on scaling the results to prototype conditions. 

A number of other problems persist and deserve attention. For example, 

most experimental and theoretical work is carried out for circular piers, and 

the effects of complex geometries are accounted for by applying an empirical 

coefficient to the circular pier results. The approach is summarized in a 

recent paper by Helville and Sutherland (1988). But the coefficients deter- 

mined by different investigators do not agree. In addition, the field mea- 

surements of comparable geometries do not exist, so there is no basis for 

scaling the laboratory results to field conditions with any degree of 

confidence. 

In all of the concerns described above, a couon thread is the lack of 

field data to test and verify the experimental work. For many years, the need 

for reliable field data has been recognized as probably the m s t  pressing 

research area in local scour. Nonetheless, only a few concerted efforts have 

been undertaken, and only a few reliable data are available. There is a clear 

need for some nationwide coordination of efforts, a coritment to long-ten 

data collection programs, and continuing research on the development of equip- 

ment and techniques. 



RBSEEbltCB RlU ARID llgGIOllS 

Major research is needed in the hydrology of arid regions, in unsteady 

flow and transport processes, and in instrumentation and field data collec- 

tion. 

In many cases, the streams of arid regions are ungaged. If streamflow 

records are not available, the design floods for bridge crossings usually are 

estimated from empirical equations, rainfall-runoff d e l e ,  or regional flood- 

frequency relations. However, the hydrology of arid regions is not very well 

understood, and flood flows estimated by these methods are likely to involve 

large uncertainties. There is substantial need for research in almost all 

aspects of the hydrology of arid regions. 

adv Flow 

Experimental studies of pier and abutment scour are carried out with 

steady, uniform approach flows. Floods in arid regions, however, are charac- 

terized by a high degree of unsteadiness. It would seem to be fairly impor- 

tant to determine whether or not the relations developed for steady uniform 

flows apply to such cases. 

Almst all field data that we have been able to locate have been for 

perennial streams in temperate or humid regions. The general lack of reliable 

field data was discussed above, but this shortage is especially critical for 

arid regions. The development of long-term data collection program on bridge 

scour in arid-region streams should have high priority. Implementation of the 

pilot projects and monitoring program that have been reco~ended is the first 

step to the development of such program. 



The pilot programs proposed in the Interim Report involve mostly the 

application of existing technology, but there are elements of research in sore 

of them. For example: 

The a~plication of Ground penetrating radar in a partially-saturated 

a1luviu.a involves a number ?f problcms on calibration and interpretation. 

There seems not to be much information on this topic. 

The application of miniature radio transmitters to scour studies has not 

yet been investigated. Thus far, the use of transmitters has been limited to 

the same applications in sediment transport studies as conventional aediment 

tracers; that is, painted, fluorescent, radioactive, and magnetic particles. 

In addition, the design of optimum spacing of the transmitters to determine 

both the depth of scour, total scour volume, and time of occurrence presents 

SOBS interesting statistical problems. 



PART 4 - CMCUISIOYS AND -ATIOIS 

The main conclusions of this research are the following: 

1. A review of selected case histories shows that there has been substantial 

bridge damage in Arizona due to channel iustabilities (aggradation, 

degration, and lateral migration) and to local scour. 

2. No complete reliable field data on bridge scour have been collected in 

Arizona, or, so far as we can determine, on any arid-region streams, and 

no programs to collect data are planned or underway in any of the arid- 

region states by either State or Federal agencies. 

3 .  Because of this lack of data, ADOT cannot verify proposed pier and 

abutment scour equations or test the adequacy of past design practices. 

4. Hany of the techni*ue~ and some of the equipment used to study scour in 

perennial streams cannot he used in Arizona. 

5 .  2 long-term data collection program in Arizona on scour and channel 

processes should be initiated. By "long-term", we mean on the order of 

ten (10) years. 

RECOIIIIEBDATIOUS 

The main recommendations of this research are the following: 

1. An effective program for Arizona should include (a) establishing bridge 

data files, (b) pilot projects to develop and test techniques and equip- 

ment, and (c) a phased monitoring program for channel instabilities. 

2.  Bridge data files should be developed to classify and select sites and to 

store and use data. Existing files should be evaluated for these pur- 

poses and modified or replaced as needed. 

3. Four pilot projects are recoarended. Two of these, ground penetrating 

radar and miniature transmitters, are directed to testing equiprent. The 

other two are designed to develop techniques for observing local scour 

directly by mobile teaas and indirectly by post-flood investigations. 

4. A phased program is recorended for monitoring channel instabilities. If 

unstable channels are identified tbrough bridge inspections or other 

sources, these channels should be monitored. Otherwise, sites for mni- 

toring can be selected using the bridge files and field inspections. 



5 .  The program can be implemented in various ways, depending on ADOT staff 

and financial constraints. It could be carried out by ADOTI under con- 

tract to universities and consultants, through direct negotiation with 

USGS, or through some combination of these groups. We believe that data 

collection and hydrologic analyses should be carried out by USGS, prefer- 

ably on a cost-sharing basis. 

6. If the entire program is implemented, we recouend that ADOT impanel a 

group of experts to serve as advisors, as shown in Figure 4, and that a 

consultant or consultants be retained to coordinate, review and advise 

AWT on the program. 
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APPENDIX A 

B r l  dge Scour - Theory and Equatlons 



BRIDGE SCOUR 

1. General. 

All material in a stream bed will erode. It is just a 

matter of time. However, some material such as granite may take 

hundreds of years to erode. Whereas, sandbed streams will erode 

to the maximum depth of scour in hours. Sandstone, shales,and 

other sedimentary bedrock materials, although they will not erode 

in hours or even days will, over time, if subjected to the 

erosive forces of water, erode to the extent that a bridge will 

be in danger unless the substructures are founded deep enough. 

Cohesive bed and bank material such as clays, silty clays, silts 

and silty sands or even coarser bed material such as glacial 

tills, which are cemented by chemical action or compression, will 

erode if subjected to the forces of flowing water. The erosion of 

cohesive and other cemented material is slower than sand bed 

material but their ultimate scour will be as deep if not deeper 

than the scour depth in a non-cohesive sandbed stream. It might 

take the erosive action of several major floods but ultimately 

the scour hole will be equal to or greater in depth than with a 

sand bed material. 

This does not mean that every bridge foundation must be 

buried below the calculated scour depth determined for non bed 

rock streams. But it does mean that so called bed rock streams 

must be carefully evaluated. 

2. Total Scour. 

Total Scour at a highway crossing is composed of three 

components. In general the components are additive. These 

components are: 

2.1 Lonq Term Bed Elevation Chanue.. 

The change in river bed elevation (aggradation or 

degradation) over long lengths and time due to chages in 

controls, suchas dams, chages in sediment discharge and changes 

in river geomorphology, such as changing from a meandering to a 

braided stream. May be natural or man induced. 



2.2  General Scour. 
The scour  t h a t  r e s u l t s  from t h e  a c c c e l a r a t i o n  o f  t h e  flow 

due t o  e i t h e r  a n a t u r a l  o r  b r idge  c o n t r a c t i o n  o r  both  
( c o n t r a c t i o n  s c o u r ) .  General scour  may a l s o  r e s u l t  from t h e  
l o c a t i o n  of t h e  b r idge  on t h e  stream. For example, its l o c a t i o n  
with r e s p e c t  t o  a stream bend or  its location upstream from t h e  
confluence wi th  another  stream. I n  t h i s  l a t t e r  case ,  t h e  
e l e v a t i o n  of the downstream water  s u r f a c e  w i l l  a f f e c t  t h e  
backwater on t h e  b r idge ,  hence, t h e  v e l o c i t y  and scour.  General 
scour  may happen dur ing  t h e  passage of a flood and t h e  r i v e r  may 

f i l l  i n  on t h e  f a l l i n g  s t a g e .  
2.3 meal Scour, 
The scour  t h a t  occurs  a t  a p i e r  o r  abutment a s  t h e  r e s u l t  of  

t h e  p i e r  o r  abutment o b s t r u c t i n g  t h e , f l o w .  These o b s t r u c t i o n s  t o  
t h e  f l o v  a c c e l e r a t e  it and c r e a t e  vor texes  t h a t  remove t h e  
m a t e r i a l  around t h e m .  

General ly,  scour  dep ths  from l o c a l  scour  a r e  much l a r g e r  
t h a n  t h e  o t h e r  two, o f t e n  by a f a c t o r  of  t e n .  But i f  t h e r e  a r e  

major changes in stream cond i t ions ,  such a s  a l a r g e  dam b u i l t  
upstream o r  downstream of t h e  b r idge  o r  s e v e r e  s t r a i g h t e n i n g  of  
t h e  s t ream,  long term bed e l e v a t i o n  changes can be t h e  l a r g e r  

element i n  t h e  t o t a l  scour.  

2.4 Lateral S h i f t i n a  of  t h e  Stream. 

I n  a d d i t i o n  t o  t h e  above, l a t e r a l  shifting of the stream may 
a l s o  erode  t h e  approach roadway t o  t h e  b r i d g e  and by changing t h e  

ang le  of t h e  flow i n  t h e  waterway a t  t h e  b r idge  c r o s s i n g  change 

t h e  t o t a l  scour .  

3. Wna Tern Bed Eleva t ion  Chanaes. 

Long term bed e l e v a t i o n  changes (aggradat ion  o r  degradat ion)  
may be t h e  n a t u r a l  t r e n d  of t h e  stream or may be t h e  r e s u l t  of 
some modi f i ca t ion  t o  t h e  s t ream o r  watershed cond i t ion .  

The s t ream bed may be  aggrading,  degrading o r  n o t  changing 
(equi l ibr ium) in t h e  b r idge  c r o s s i n g  reach.  When t h e  bed of t h e  
s t ream is n e i t h e r  aggrading or degrading it is i n  equ i l ib r ium 



with the sediment discharge supplied to the bridge reach and the 

elevation of the bed does not change. In this section we are 

corkaidering long term trends, not the cutting and filling of the 

bed of the stream that might occur during a runoff event (general 

scour). A stream may cut and fill during a runoff event and also 

have a long term trend of an increase or decrease in bed 

elevation. The problem for the engineer is to determine what the 

long term bed elevation changes will be during the life time of 

the structure. What is the current rate of change in the stream 
bed elevation? Is the stream bed elevation in equilibrium? Is 

the stream bed degrading? Is it aggrading? What is the future 

trend in the stream bed elevation? 

During the life of the bridge the present trend may change. 

These long term changes are the result of modifications of the 

state of the stream or watershed. Such changes may be the result 

of natural processes or the result of man's activities. The 

engineer must assess the present state of the stream and 

watershed and determine future changes in the river system and 

from this determine the long term stream bed elevation. 

Factors that affect long term bed elevation changes are: 

dams and reservoirs (upstream or downstream of the bridge), 

changes in watershed land use (urbanization, deforestation, 

etc.), channelization, cutoff of a meander bend (natural or man 

made), changes in the downstream base level (control) of the 

bridge reach, gravel mining from the stream bed, diversion of 

water into or out of the stream, natural lowering of the total 

system, movement of a bend, bridge location in reference to 

stream planform and stream movement in relation to the crossing. 

Examples of long term bed elevation changes are given in Chapter 

VII of Highways in the River Environment (HIRE) (Richardson et a1 
1975) . 

Analysis of long term stream bed elevation changes must be 

made using the principals of river mechanics in the context of a 

fluvial system analysis. Such analysis of a fluvial system 

require the consideration of all influences upon the bridge 



crossing ie. runoff from the watershed to the channel 

(hydrology), the sediment delivery to the channel (erosion), the 

sediment transport capacity of the channel (hydraulics) and the 

response of the channel to these factors (geomorphology and river 

mechanics). Many of the largest impacts are from man's 

activities, either in the past, the present or the future. This 

analysis requires a study of the past history of the river and 

man's activities on it; a study of present water and land use 

and stream control activities and finally contacting all agencies 

involved with the river to determine future changes in the river. 

A method to organize such an analysis is to use a three 

level fluvial system approach. This method provides three level 

of detail in an analysis, they are 1) a qualitative determination 

based on general geornorphic and river mechanics relationships, 2) 

engineering geomorphic analysis using established qualitative and 

quantitative relationships to establish the probable behavior of 

the stream system to various scenarios of future conditions and 

3) quantify the changes in bed elevation to be expected as the 
result of the changes in the stream and watershed, using 

available physical process mathematical models such as HEC-6, 

straight line extrapolation of present trends and engineering 

judgement. Methods to be used in stage 1 and 2 are given in 

recent FHWA reports such as Stream Channel Degradation and 

Aggradation: Analysis of Impacts to Highway Crossings (Brown et 

al, 1981) . 
4.  General Scour. 

General scour at a bridge can be caused by a decrease in 
channel width, either naturally or by the bridge, which decreases 

flow area and increases velocity. This is contraction scour. 

General scour can also be caused by short terra (daily, weekly, 
yearly or seasonally) changes in the downstream water surface 

elevation that controls the backwater and hence the velocity 

through the bridge opening. Because this scour is reversible it 

is included in general scour rather than in long term scour, 

General scour can result from the location of the bridge with 



regard to a bend. If the bridge is located on or close to a bend 

the concentration of the flow on the outer part of the channel 

can erode the bed. 

General scour can be cyclic. That is, during a runoff event 

the bed scours during the rise in stage (increasing discharge) 

and f i 11s on the falling stage (deposition) . 
General scour from a contraction occurs when the flow area 

of a stream is decreased from the normal either by a natural 

constriction or by a bridge. With the decrease in flow area there 

is an increase in average velocity and bed shear stress. Hence, 

there is an increase in stream power at the contraction and more 

bed material is transported through the contracted reach than is 

transported into the reach. The increase in transport of bed 

material lowers the bed elevation. As the bed elevation is 

lowered, the flow area increases and the velocity and shear 

stress decreases until equilibrium is obtained so that the bed 

material transported into the reach is equal to that which is 

transported out of the reach. 

The contraction of the flow by the bridge can be caused by a 

decrease in flow area of the stream channel by the abutments 

projecting into the channel and/or the piers taking up a large 

portion of the flow area. Also, the contraction can be caused by 

the approaches to the bridge cutting off the overland flow that 

normally goes across the flood plain during high flow. This 

latter case causes clear-water scour at the bridge section 

because the overland flow normally does not transport any bed 

material sediments. This clear water picks up additional 

sediment from the bed when it returns to the bridge crossing. In 
addition, if it returns to the stream channel at an abutment it 

increases the local scour there. A guide bank at that abutment 

decreases the risk from scour of that abutment from this 

returning overbank flow. Also, relief bridges in the approaches, 

by decreasing the amount of flow returning to the natural channel 

decrease the scour problem at the bridge cross section. 



Factors that can cause contraction scour are: 

1) a natural stream constriction, 
2) long approaches over the flood plain to the bridge, 
3) ice formation or jams, 
4) berm forming along the banks by sediment deposits, 
5) island or bar formations upstream or downstream of the 

bridge opening, 
6) debris, and 
7) the growth of vegetation in the channel or flood plain, 

To determine the magnitude of general scour from a varialble 

backwater requires a study of the stream system to (1) 

determine if there will be variable backwater and if this 

condition exists to (2) determine the magnitude of general scour 

for this condition. Of particular value in determining if 

backwater affects exist and the magnitude of the affects on the 

velocity and depth is the WSPRO (Shearman, 1987) computer model. 

The difference in depth between the highest expected elevation 

and the lowest ecpected elevation for the design discharge is the 

value of the general scour. 

General scour of the bridge opening may be concentrated in 

one area. If the bridge is located on or close to a bend the 

scour will be concentrated on the outer part of the bend. In 

fact there may be deposition on the inner portion of the bend, 

further concentrating the flow, which increases the scour at the 

outer part of the bend. Also, at bends the thalweg (the part of 

the stream where the flow or velocity is largest) will shift 

toward the center of the stream as the flow increases. This can 

increase scour and the non uniform distribution of the scour in 

the bridge opening. 

Often the magnitude of general scour can not be predicted 

and inspection is the solution for general scour problems. 

Also, a physical model study can be used to determine general 

scour. 

4.1 Predictina Contraction Scour. 

There are several methods and equations for estimating the 

magnitude of contraction scour. These will be given in this 

section. Unfortunatly the equations are based on laboratory 



s t u d i e s  wi th  very l i t t l e  f i e l d  d a t a .  
Contrac t ion  scour  can be caused by d i f f e r e n t  b r i d g e  s i t e  

cond i t ions .  There a r e  4 main cond i t ions  ( c a s e s )  which a r e  a s  
fol lows:  

Case 1. Overbank flow on a f lood  p l a i n  being forced 
back t o  t h e  main channel  by t h e  approaches t o  t h e  
br idge .  The b r idge  and/or t h e  channel width  is 
narrowerer  than  t h e  normal s tream width. 

Case 2 .  The normal r i v e r  channel width becoming narrower 
e i t h e r  because of  t h e  b r i d g e  i tself  o r  by t h e  b r idge  
s i te  being on a narrower mazh of t h e  r i v e r .  

Case 3. A r e l i e f  b r i d g e  i n  t h e  overbank a r e a .  With l i t t le  
o r  no bed m a t e r i a l  t r a n s p o r t  i n  t h e  overbank a rea .  

Case 4 .  A r e l i e f  b r i d g e  over  a secondary stream i n  t h e  
overbank a rea .  

These 4 c a s e s  are i l l u s t r a t e d  i n  Fig. 1 

4.1.1 6 Case 1 

Overbank flow on a f lood  o lain beina fo rced  back t o  t h e  

main channel  by t h e  a ~ p r o a c h e s  t o  t h e  b r idae .  The b r i d a e  and/or 

t h e  channel  width is narrowerer  than  t h e  normal s tream width. 

Laursen 's (1960) equa t ion  g iven below is used t o  p r e d i c t  t h e  

depth  of  s c o u r  i n  t h e  con t rac ted  s e c t i o n  y2. 

ys = y2 - y 1  Average scour  depth  

Where = average depth i n  t h e  main channel 
= average depth  i n  t h e  c o n t r a c t e d  s e c t i o n  
= Width of t h e  main channel  

W; = Width of t h e  con t rac ted  s e c t i o n  
Qt = flow i n  t h e  con t rac ted  s e c t i o n  
Qc = flow i n  main channel 
n2 = Manning n f o r  con t rac ted  s e c t i o n  
n1 = Manning n f o r  main channel  



A 61 B are transport coefficients from the 
following: 

V*C/W e A B Mode of 
Bed Material Trans~ort 

c0. 5 0.25 0.59 0.066 mostly contact load 
1.0 1.0 .64 .21 some suspended bed material 

> 2 . 0  2.25 .69 .37 mostly suspended bed material 

V*, = (gyl~l) 5 ,  shear velocity 
w = fall velocity of D50 of bed material 
g = gravity constant 
S1 = slope, energy grade line main channel 

B = 6e 
7 (3+e) 

e = transport factor 

Note 1. The Manning n ratio can be significant in you have 
a dune bed in the main channel and plain bed, washed out dunes or 

antidunes in the contracted channel, see Chapter I11 of HIRE. 

Note 2. The average width of the bridge opening (W2) is 

normally taken as the top width with the width of the piers 

subtracted. 

Note 3. Latarson's equation for a long contraction v i l l  
overestimate the depth of scour at the bridge if the bridge is 
located at the upstream end of the contraction or if the 

contraction is the result of the bridge abutments ahd piers. But 

at this time it is the best equation available. 
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y, : yz . yl CONTRACTION SCOUR 

CASE I .  OVERBANK STREAM. 

STREAM NARROWS, BRIOOE AT U P P E R  END OF 
NARROWS, NO OVERBANK FLOW 

STREAM NARROWS, BRIDGE LOCATED 

b 
DOWNSTREAM OF NARROW SECTION 

BRlMlE CONTRACTS A STREAM 

CASE 2.  

RELIEF BRIDGE ON RELIEF BRIDGE OVER 
FLOOD PLANE ACTIVE STREAM 

01 ' Oc ' Qnrr,r.* ,I.- 
CASE s cnP€ 4 

CASE S h N D  4 .  

~ i g .  1 The four main cases of contraction scour. 



4.1.2 Case 2. 

No overbank flow but the stream channel narrows either 

naturally or by the bridse abutments encroachins on the channel. 

That is flows confined to the channel. 

If the contraction of the channel is less than 10 percent 

the contraction scour should be negligible. 

Three method will be given for estimating contraction scour 

for this case. These will be: 

1) The use of Equation 1 given above, 

2) a method developed by Nordin (1971), and 

3) an equation developed by Straub (1940). 

1. To estimate contraction scour using equation 1 set Qt 

equal to Qc 

2. Nordin's method is as follows: 

The approach flow depth, yl, and average approach flow 

velocity, V1, results in the sediment transport rate q,1. The 

total transport rate to the contraction is Wlqsl in which W1 is 

the width of the approach. If the water flow rate, Q1 = Wlql, in 

the upstream channel is equal to the flow rate at the contracted 

section, then by continuity 

Here ql = yl V1 and q2 = y2 V2 and subscript 2 refers to 

conditions in the contracted section. The sediment transport 

rate at the contracted section after equilibrium is estimated 

must be 



The relationships of y and V at sections 1 and 2 are shown in 

Fig. 2 for constant ql and q2. 

l og  V 

FIGURE 2 Unit discharge as a function of depth and velocity 

UsCng the various sediment transport equations it is 

possible to construct curves for transport rates of sediment of 

given median size as functions of flow depth and velocities. An 

illustration of such dependence is shown in Fig. 3 using the 

method of Colby (Richardson et al, 1987). Now overlap Fig. 2 

with Fig. 3. The result is shorn in Fig. 4. 

FIGURE 3. Sediment transport rate as a function of depth 
and velocity 



log v 

FIGURE 4. Determination of scour depth 

The depth of scour due to the contraction is then 

Here yl, V1 and W1 are the depth, velocity and width of the 

approach flow, and y2 is the general scour flow depth at the 

bridge. The term D50 is the median diameter of the bed materials 

at the bridge. 

3. Straub's Equation - Consider the long contraction 

shown in Fig. 5. In the wide approach reach, at the cross 

section designated Section 1, the average velocity if V1, the 

average depth of flow is yl and the width if W1. The flowrate 

across Section 1 is 

Q = v1 yl w1 5 

In the contracted reach at the cross section designated section 

2, the average velocity is V2, the flow depth is y2 and the width 

is W2. The flowrate across Section 2 is 

Q = V2 Y2 W2 6 



For a given flowrate, Q and a given contraction ratio W2/W1 we 

would like to know the depth ratio y 2 / y 1  for the clear-water 

scour case. 

v, - W l  "fa - "a 

FIGURE 5 Plan view of the long contraction 

In the clear-water scour case, there is no transport in the 
wide upstream section. The shear stress here is less than the 

critical shear stress (the shear stress causing initial movement 

of the bed particles). That is, 

Here Sfl  is the slope of the energy grade line at section 1. 
Assume for the time being that scour occurs in the long 

contraction, Scour will continue until the bed shear stress in 

the long contraction has been reduced to the critical shear 

stress. Then, at Section 2 

When this condition is reached there is no longer a sediment 

transport at Section 2. As well, there is no sediment transport 

at Section 1 (TI cTc). Hence the term "clear-water scourn is 

employed. 



By employing Eqs. 7 and 8, the depth ratio is 

'I- J 2 - =  S f 1  - 
Y1 S f 2  T 1  

Manning's equation can be employed to determine the friction 

slope ratio. Accordingly, 

The velocity ratio V1/V2 is obtained by equating Eqs.5 and 6 

(constant discharge) or 

By putting this ratio into Eq. 11, the expression 

is obtained for clear-water scour. ' If it is assumed that 

"1 = "2 

then Eq. 12 reduces to 

which is the form of clear water scour equation first developed 
by Straub (1940). 



4.1.2 Case 3 .  
Relief bridae where there is no bed material transport on 

the u~stream flood plane use Laursen (1980) eauation aiven below: 

Where 
Subscript 1 refers to the upstream conditions and 2 to 

the width and depth in the relief bridge. 
W1 = width upstream of the relief bridge. It is 

estimated by assuming a point of stagnation 
between the main bridge and the relief bridge. 

V1 = average velocity one bridge length upstream 
D50 = Median diameter of bed material at relief 

bridge. 

4.1.4 Case 4. 

Relief bridae with bed material transport. For this case 

use the equation given for case 1 with appropriate adjustments of 

the variables. This case can occure when a relief bridge is over 

a secondary channel on the flood plain. 



5. Local Scour. 

The basic mechanism causing local scour at a pier or 

abutment is the formation of a vortex at their base. The 

formation of these vortexes results from the pileup of water on 

the upstream face and subsequent acceleration of the flow around 

the nose of the pier or embankment. The action of the vortex is 

to remove bed materials away from the base region. If the 

transport rate of sediment away from the local region is greater 

the transport rate into the region, a scour hole develops. As 

the depth of scour is increased, the strength of the vortex or 

vortexes is reduced, The transport rate is reduced and an 

equilibrium is reestablished and scouring ceases. 

The vortex is illistrated in Fig. 6 with their formation 

around a pier. With a pier, in addition to the vortex arouad the 

base, the horseshoe vortex, there is a vertical vortex downstream 

of the pier, the wake vortex. Both vortexes remove material from 

around the pier. However, immediately downstream of a long pier 

there is often deposition of material. 

Fig. 6 Schematic representation of scour at a 
cylindrical pier. 



5.1 Factors  Effect ina  Local Scour. 
The f a c t o r s  t h a t  e f f e c t  l o c a l  scour a r e  a s  follows: 

1) width of t h e  p i e r  ( a ) ,  
2 )  p ro j ec t ion  length ( a )  of t h e  abutment i n t o  t h e  flow, 
3)  length of t he  p i e r  ( L ) ,  
4 )  depth of flow (yl) , 
5) ve loc i ty  of t h e  approach flow (VZ) , 
6)  s i z e  of t h e  bed mater ia l  ( D ) ,  
7 )  angle  of t h e  approach flow t o  t h e  p i e r  o r  abutment (angle 

of a t t ack )  , 
8 )  shape of t h e  p i e r  o r  abutment, 
9)  bed configuration,  
10) ice formation o r  jams and 
11) debr i s .  

1. Width of p i e r  has a d i r e c t  a f f e c t  on t h e  depth of scour. 
With an increase  i n  p i e r  width t h e r e  is an increase  i n  scour 

depth. 
2 .  Projected length of an abutment i n t o  t h e  stream a f f e c t s  

t h e  depth of scour. With an increase  i n  t h e  projected leng th  of 
an abutment i n t o  t h e  flow t h e r e  is an increase  i n  scour.  However, 
t h e r e  is a l i m i t  on t h e  increase  i n  scour depth with an increase  

i n  length.  This  l i m i t  is reached when t h e  r a t i o  of projected 
length i n t o  t h e  stream (a )  t o  t he  depth of t he  approaching flow 

(yl) is 25.  

3. Length of a p i e r  has no appreciable  a f f e c t  on scour depth 
a s  long a s  t h e  p i e r  is l i ned  up with t h e  flow. I f  t h e  p i e r  is a t  

an angle  t o  t h e  flow t h e  length has a very l a t g e  a f f e c t .  ' A t  t h e  

same angle of a t t a c k  doubling t h e  length of t h e  p i e r  increases  

scour depth 33 percent.  Some equat ions  t ake  t h e  leng th  f a c t o r  
i n t o  account by using t h e  r a t i o  of p i e r  length t o  depth of flow 
o r  p i e r  width and t h e  angle of a t t a c k  of t h e  flow t o  t h e  p i e r .  

Others uses  t h e  projected a r ea  of t h e  p i e r  t o  t h e  flow i n  their 

equations.  
4 .  Flow depth has a d i r e c t  a f f e c t  on scour depth. An 

increase  i n  flow depth can increase  scour depth by a f a c t o r  of 2 

o r  l a r g e r  f o r  p i e r s .  With abutments t h e  increase  is from 1.1 t o  

2.15 depending on t h e  shape of t h e  abutment. 
5. Velocity of t h e  approach flow increases  scour  depth. The 



larger the velocity the deeper the scour depth. There is also a 

high probability that whether the flow is tranquil or rapid 

(subcritical of supercritical) will affect the scour depth. Most 

research and data is for flows with Froude Numbers much less than 

one (Fr. < 1 ) .  

6. Size of the bed material in the sand size range has no 

affect on scour depth. Larger size bed material if it will be 

moved by the approaching flow or by the vortexes and turbulence 

created by the pier or abutment will not affect the ultimate or 

maximum scour but only the time it takes to reach it. Very large 

particles in the bed material, cobbles or boulders, may armor 

plate the scour hole. But in the case of the Schoharie Cr. 

bridge collapse large riprap was in time removed from around the 

piers by a series of large flows (Richardson, et al, 1987). The 

size of the bed material also determines whether the scour at a 

pier or abutment is clear-water of live-bed scour. This topic is 

discussed later in this section. 

Fine bed material (silts and clays) will have scour depths 

as deep or deeper than sandbed streams. s his is true even if 

bonded together by cohesion. The affect of cohesion is to 

determine the time it takes to reach the maximum scour. With 

sand bed material the maximum depth of scour is measured in 

hours. With cohesive bed materials it may take days, months or 

even years to reach the maximum scour depth. 

7. Angle of Attack of the flow to the pier or abutment has a 

large affect on local scour as was pointed out in the discussion 

of the affect of pier length above. The affect on piers will not 

be repeated here. With abutments the depth of scour is reduced 

for embankments angled downstream and is increased if the 

embankments are angled upstream. According to the work of Ahmad 

(~ichardson et al, 1975 and 87) the maximum depth of scour at an 
embankment inclined 45 degrees downstream is reduced by 20 

percent, whereas, the scour at an embankment inclined 45 degrees 

upstream is increased about 10 percent. 

8. Shape of pier or abutment has a significant affect on 



scour. With a pier, streamlining the front end reduces the 

strength of the horseshoe vortex reducing scour depth. 

Streamlining the downstream end of piers reduces the strength of 

the wake vertices. A square-nose pier will have maximum scour 

depths about 20 percent larger than a sharp-nose pier and 10 

percent larger than a cylinder or round-nose pier. Abutments with 

vertical walls on the streamside and upstream side will have 

scour depths about double that of spill slope abutments. 

9. Bed configuration effects the magnitude of local scour. 

In streams with sand bed material the shape of the bed (bed 

configuration) as determined by Simons and Richardson (1963) and 

discussed in Chapter I11 of HIRE, may be ripples, dunes, plane 

bed and antidunes. The bed configuration depends on the size 

distribution of the sand bed material, flow conditions and fluid 

viscosity. The bed configuration may change from dunes to plane 

bed or antidunes during an increase in flow. It may change back 

with a decrease in flow. The bed configuration may also change 

with a change in water temperature or change in concentration of 

silts and clays. 

10.Ice and debris by increasing the width of the piers, 

changing the shape of piers and abutments, increasing the 

projected length of an abutment or causing the flow to plunge 

downward against the bed can increase both the local and general 

(contraction) scour. The magnitude of the increase is still 

largly undetermined. But debris can be taken into account in the 

scour equations by estimating how much the debris will increase 

the width of the pier or length of the abutment. Debris and ice 

affects on general (contraction) scour can also be accounted for 

by estimating the amount of flow blockage (decrease in width of 

the bridge opening) in the equations for contraction scour. Field 

measurements of scour at ice jams indicate the scour can be in 

the 10's of feet. 



5.2 Clear-water and live-bed scour. 
There are two conditions of local scour. These are 1) 

clear-water scour and 2) live-bed scour. 

Clear-water scour. 

Clear-water scour occurs when there is no movement of the 

bed material of the stream upstream of the crossing but the 

acceleration of the flow and vortices created by the piers or 

abutments causes the material at their base to move. 

hive-bed scour. 

Live-bed scour occurs when the bed material upstream of 

the crossing is also moving. 

Bridges over coarse bed material streams often have clear- 

water scour at the lower part of a hydrograph, live-bed scour at 

the higher discharges and then clear-water scour on the falling 

stages. 

Clear-water scour reaches its maximum over a longer period 

of time than live-bed scour, Fig. 7. This is because clear- 

water scour occurs mainly on coarse bed material streams, In 

fact clear-water scour may not reach its maximum until after 

several floods. Also, maximum clear-water scour is about 10 

percent greater than the maximum live-bed scour. 

Live-bed scour in sand bed streams with a dune bed 

configuration fluctuates about an equilibrium scour depth, Fig. 

7. The reason for this is the fluctuating nature of the sediment 

transport of the bed material in the approaching flow when the 

bed configuration of the stream is dunes. In this case (dune bed 

configuration in the channel upstream of the bridge) maximum 

depth of scour is about 30 percent larger than equilibrium depth 

of scour. 

The maximum depth of scour is the same as the equilibrium 

depth of scour for live-bed scour with a plain bed 

configuration, With antidunes occurring upstream and in the 

bridge crossing the maximum depth of scour from the limited 

research of Jain and Fisher (1979) is about 20 percent greater 

than the equilibrium depth of scour. 
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Figure 7 Scour Depth as a Function of Time .  



5.3 Armorins. 

Armoring occurs on a stream or in a scour hole when the 

forces of the water during a particular flood are unable to move 

the larger sizes of the bed material. This protects the 

underlying material from movement. Scour around an abutment or 

pier may initially occur but as the scour hole deepens the 

courser mbed material moves down in the hole and protectes the 

bed so that the full scour potential is not reached. 

When armoring occurs, the coarser bed material will tend to 

remain in place or quickly redeposit so as to form a layer of 

riprap-like armor in the scour holes and thus limit futher scour 

for a particular discharae. This armoring affect can decrease 

scou hole depghs which were predicted to occur based on formulae 

developed for sand or other fine material channels for 

particular flow conditions. When larger flow conditions occur 

the armor layer can be broken and the scour hole deepened either 

until1 an new armor layer is developed or the maximum scour as 

given by the sand bed equations is reached. Unfortunatly 

knowleae of how to predict the decrease in scour hole de~th when 

there are larqe particals in the bed material is lackina. 

Research in New Zewland by Raudkivi (1986) and in Washington 

State (Copp and Johnson, 1987) gives a bases for calculating the 

decrease in scour depth by armoring but their equations need 

field verification. The results of this research for pier scour 

will be given later. 

5 . 4  Estimatina local scour de~ths. 

Equations for estimating local scour are based on three 

methods of analysis. These methods are; 

1) Dimensional analysis of the basic variables causing local 
scour. 

2) The use of transport relations in the approching flow and 
in the scour hole. 

3) Regresion analysis of the available data. 

Equations for estimating local scour at abutments or piers 

developed by the three methods are given in the next sections. 

In HEC 18 (FHWA, 1989) and in the June 1988 "Interim Procedures 



fnr Eveluating Scour at BridgesM (FHWA, 1988) only one method or 

equation is recommended. The additional equations are given in 

this report for basis of comparison, to be used in additional 

study of a 2articlllar bridge site and for use in reasearch. It 

should be noted that these equations were developed from 

laboratory experiments with limited field data. 

In analysis for scour the engineer should evaluate his 
problem and select the equation or method that in his judgement 

best suits the case at hand. Sometimes it may be nessissary to 

use more than one equation or method and then use Engineering 

judgment in selecting the local scour depth. For example, if the 

stream contains large qualities of course bed material. Then use 

both the sand bed equation and the armoring equation. Based on 

knowlege of the stream, the bed material, the flows and type of 

highway select the value of the scour. 



6. Local Scour at Abutments. 

6.1 General. 

Equations for predicting scour depths are based almost 

entirely on either laboratory data or inductive reasoning from 

sediment continuity equations. There are little field data to 

compare abutment scour equations. Equations for estimating 

abutment scour are derived by three methods. 

6.1.1 T Y R~S of Eauations. 

1) From dimensional anlaysis of the variables and developing 
relationships among the major dimensionless paramenters such as, 
the ratio of scour depth ys to flow depth yl; ratio of abutment 
length a to flow depth yl; the Froude Number Fr, etc. Liu, et 
al's 1961 equation given here is an example. 

2) From the use of transport relations and the change in 
trasport because of the aceleration of t.he flow caused by the 
abutment, Laursen's (1980) equations given here are an example. 

3) From regresion analysis of available data. Froehlich's 
1988 equation given here is an example. 

6.1.2 position of Abutments. 

Abutments can be set back from the natural stream bank or 

can project out into the flow; they can have various shapes 

(vertical walls, spill through slopes) and they can be set at an 

angle to the flow. Scour at abutments can be live-bed or clear- 

water scour. Finally, there can be varying amounts of overbank 

flow that is intercepted by the approaches to the bridge and 

returned to the stream at the abutment. 

Scour at abutments can be caused by the abutment porjecting 

into the flow, it can be caused by the approches to the bridge 

intercepting overland flow and forcing it back into the channel 

at the abutment, or it can be a combination of conditions. The 

various conditions (cases) are given in Table 1 and illustrated 

in Fig. 8. In Table 1 equations are given for each case. No 

single equation is recommended for a given situation when more 

than one equation is applicable, because with the lack of field 

data for verification, it is not know which equation is best. It 
is recommended that the designer d e t e n i n e  what case fits the 



design situation and then use all equations that apply to the 

case. IT IS MOST m R T A N T  THAT THE COMMENTARY ON EACH OF TliE 
ONS BE BE;BD AND UNDERSTOOD PRIOR TO ATTEMPTING TO USE THE 

TIONS FOR DESIGN PURPOSES, Engineering judgment must be used 

to select the depth of foundations. The designer should take 

into consideration the potential cost of repairs to an abutment 

and danger to the travelling public in selecting scour depths. 

Finally design measures such as spur dikes and riprap should be 

used to increase the safety of the bridge. 

ents on Table 1 and F i a .  8, 
1) Equations for these cases (except for Case 6) are based 

on laboratory studies with little or no field data. 

2) The factor a/yl = 25 as a limit for Cases 1-5 is rather 
arbitrary but it is not practical to assume that scour depth, y s ,  
would continue to increase with an increase in abutment length 
IIaN, 

3) There are two general shapes for abutments. These are 
vertical wall abutments with wing walls and spill-through 
abutments, Fig. 9. Depth of scour is about double for vertical 

wall abutments as compared with spill through abutments. 

4 ,. 1.3 Maximum D e ~ t h  of s cou r 
1) For live-bed scour with a dune bed configuration, the 

maximum depth of scour is about 30 percent greater than 
equilibrium scour depth given by Liu, et alms (1961) equations 
(Eqs. 16 and 17). Therefore the values of scour that are 
calculated for these equations should be increased by 30 percent 
when the bed form is dunes upstream of the bridge. The reason 
for this is that the research that was used for determining scour 
depth for the live-bed scour case was run with a dune bed and 
equilibrium scour was measured. 

2) For clear-water scour (Eq. 2 0 ) ,  the maximum depth of 
scour is about 10 percent greater than live-bed scour; however, 
there is no need to increase the scour depths because the 
equations predict the maximum scour. 



TABLE 1 SUMMARY OF ABUTMENT SCOUR EQUATIONS 

* Adjust scour estimate for equations 16 - 25 using Fig. 17. 

CASE 

1 

2 

3 

4 

5 

6 

7 

ABUTMENT 
LOCAT ION 

projects in to 
chamel 

Projects i n t o  
chamel 

Set back from 
mein chemel 

Relief bridge 
on f loodptain 

Set a t  edge of 
main chamel 

Not designated 

Skewed t o  
stream 

OYERBANK 
FLW 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

BED LOAD 
CONDlTlON 

Live bed 

Clear water 

Live bed 

Clear water 

Clear water 

Clear water 

Live bed 

Not 
designated 

VALUE OF 
a/yl 

a/y, < 25 

a/yl < 25 

a/yl < 25 

a/yl < 25 

a/y, < 25 

a/y, > 25 

ABUTMENT 
TYPE 

Vert ical wall 

Spi 1 l through 

Vert ical Wall 

Spi ll through 

Not Designated 

Not Designated 

Not Designated 

Not Designated 

Not Designated 

Notdesignated 

EWAT ION 
NUMBER 

17,18,22 

16,18,22 

20.21 

20,21 

18,24 

20.24 

20 

20 

24 

25 

t 



-------  
T - - - - - - -  

CONTRACTION 
SCOUR 53 

CASE 1 AB-S PROJECT INTO CHANNEL, NO OVERBANK FLOW 

CASE 2 ABUMENTS PROJECT INTO CHANNEL, OVERBANK FUlW 



SFT RACK 2ELIEF 
MAIN BRIDGE .. I 2 7 5 y s  +"-- -~~~- i  / RR:DGE 

----- _. 
--- 

s, AVG APPROACH 

CASE 3 ABUTMENT SETBACK FROM TKE CHANNEL MORE THAN 2.75 y, 
CASE 4 RELIEF BRIDGE 

F i g .  8 Abutment Scour,Cases 1, 2, 3 AND 

CASE 5 ABUTMENT SET AT EDGE OF CHANNEL, OVERBANK FIIlW 



CASE 6 ABUTKENT LENGTH, a ,  TO FLOW DEPTH, yl, RATIO > 2 5  

CASE 7 ABUTMENT SET AT AN ANGLE, 8, TO THE FIMW 

Fig. 8 Cont. Abutment Scour, Cases 5, 6 AND 7 



Elevot ion 

Plan 

Section A-A' Section A-A' 

(A)  SPILL THROUGH (B) VERTICAL WALL 
F i g .  9 Abutment shape 



6.2 Calculatina Abutment Scour for the Different Cases. 

CASE 1- ABUTMENTS PROJECT INTO CHANNEL, NO OVERRANK F W ,  
Fig. 10. 

\ ~ o n t r o c t i o n  Scour 

FIGURE 10 DEFINITION SKETCH FOR CASE 1 ABUT#ENT SCOUR 

Seven equations are given for this case (Eqs. 16, 17,18, 19, 

20, 21 and 22). These are equations based on dimensional 

analysis, transport relations and regression analysis. 

These equations are limited to cases where a/yl c 25. For a/yl > 

25 go to Case 6. 

o Liu, et alls Equations. 

Live-bed scour at a spill through abutment, Eq. 16. 

~ccording to the studies of Liu, et al., (1961) the 

equilibrium scour depth for local live-bed scour in sand at a 

stable spill slope when the flow is subcritical is determined by 

Equation 16. 

equilibrium depth of scour (measured from the 
mean bed level to the bottom of the scour 
hole) 
average upstream flow depth in the main 
channel 



abutment and embankment length (measured 
at the top of the water surface and 
normal to the side of the channel from 
where the top of the design flood hits 
the bank to the outer edge of the 
abutment) 

Frl = upstream Froude number 

Live bed scour at a vertical wall abutment, Eq. 17. 

If the abutment terminates at a vertical wall and the wall 

on the upstream side is also vertical, then the scour hole in 

sand calculated by equation 16 nearly doubles (Liu, et all 1961 

and Gill, 1972). 

o Laursen's Equations. 

Live-bed scour at vertical wall abutment, Eq. 18. 

Laursen (1980) suggested two relationships for scour at 

vertical wall abutments for Case 1, One for live-bed scour and 

another for clear-water scour depending on the relative magnitude 

of the bed shear stresses to the critical shear stress for tbe 

bed material of the stream. For live-bed scour (rl > r , ) ,  use 

Eqs, 18 or 19. 

Simplified form: y, = 1.5 ( a ) O - 4 8  
Yl Y1 



Clear-water saour (r, < r,) at vertiaal wall abutment, Eq. 
2 0 .  

7, = shear stress on the bed upstream 
r, = critical shear stress of the DS, of the 
upstream bed material. The value of T, 
can be obtained from Fig. 11 

Soour at other abutment shapes. 

Scour values given by Laursen's equations are for vertical 
wall abutments. He suggests the following multiplying factors 
for other abutment types for small encroachment lengths: 

Abutment Type Multiplying Factor 
45 degree Wing Wall 0.90 
Spill-Through 0.80 

Laursen's equations are based on sediment transport 
relations. They s ive  qaximum scour and include contraction 
scour. FOR THESE EQUATIONS, DO NOT ADD CONTRACTION SCOUR TO 
OBTAIN TOTAL SCOUR AT THE ABUTMENT. 

Laursen's equations require trial and error solution. 

Curves developed by Chang (1987) are given in Fig. 12. Note that 

the equations have been truncated at a value of yJy equal to 4. 



Fig. 11 c r i t i c a l  shear stress a s  a function of bed material  
size and suspended f i n e  sediment. 



Eq. 18 Eq. 20 

FIG. 12 Nomograph for Abutment Scour 

Eq. 24 



o Froehichqs Equations. 

Clear-water saour a t  an abutment, Eq.  21 .  

Froehich (1987) using dimensional analysis and maltiple 

regression analysis of 164 clear-water scour measurements in a 

laboratory flumes developed the following equation: 

Live-bed scour a t  an abutment, Eq. 22.  

He analysed 170 live-bed scour measurements to obtain the 
following equation: 

Where 
K1 coefficient for abutment shape. 
K coefficient for angle of embankment to flow 
aZ length of abutment projected normal to flow 
Fr Froude number of flow upstream of abutment 
G geometric standard deviation of bed material 
yl depth of flow at abutment 
y, scour depth 

Values of K, 
Vertical abutment 
Vertical abutment with 

wingwalls 
Spillthrough abutment 

Values of K2 K2 = (A) .I3 
98 

9 ~ n g l e  of embankment to flow in degrees 

Values of a' a' = AJyl  

A, = flow area of approach cross section 
obstructed by embankment 

G = ( D d D 1 6 )  " 

D,,, Ds, DI6 are size of bed material. The 
subscript indicates the per cent finer than. 



Fr = VJ (gy ) .' 
V, = velociky of flow approching abutment 

The + 1 in Froehlich's equation is a safety factor that 
makes the equation predict a scour depth larger than any of the 
measured scour depths in the experiments. 

6.2.1 CASE 2 ABUTMENT PROJECT8 INTO THE CHANNgL, OVERBANK 

FLOW 

No bed material is transported in the overbank area and a/y, 

< 25 This case is illustrated in Fig. 13. 

Fig. 13 Bridge Abutment in Main Channel and Overbank Flow. 

Equation 18 or 20 should be used to calculate the scour depth 

with abutment length @@aw determined by equation 23. Engineering 

judgment must be used in selecting the scour depth for design 

purposes. Equation 24 can also be used for this case with the 

appropriate selection of variables. 



Live bed scour ( T ,  > 7 , )  use equations 18 and 24. 

Clear water scour ( T ~  < T , )  use equations 20 and 24. 

T~ = The shear stress in the main channel. 
7 ,  = The critical shear stress for the bed material in 

the main channel. The value can be determined 
from Fig. 11 

Q, = Flow obstructed by abutment and bridge approach. 
y,  = Average upstream flow depth in the main channel. 
V, = Average velocity in the main channel. 

6 . 2 . 3  CASE 3 ABUTMENT I S  SET BACK FROM MAIN CHANNEL MORE 
THAN 2.75 y,  

There is overbank flow with no bed material transport 
(clear-water scour). Fig. 14 illustrates this case. 

Fig. 14 Bridge Abutment Set back from Main Channel Bank 
and Relief Bridge . 

With no bed material transport in overbank flow, scour at a 

bridge abutment, set back more than 2.75 times the scour depth 

from the main channel bank line, can be calculated using Eq.20 
from Laursen (1980) with: 

5 ,  = Shear stress on the overbank area upstream of the 
abutment. 

r ,  = Critical shear stress of material inoverbank area. 
Can be determined from Fig. 11 using the D,, of 
the bed material of the cross-section under 
consideration. 

When there are relief bridge in the overbank areas l1aIB in Eq. 20 
is taken as a,. 



The lateral extent of the s;our hole is nearly always 
determinable from the d e ~ t h  of scour and the natural anale of 
re~ose of the bed material. -rsen surraested that the width of 
the scour hole is 2 . 7 5 ~ ~ ~  

6.4 CASE 4 ABUTMENT SCOUR AT RELIE? BRIDQE 

Scour depth for a relief bridge on the overbank flow area 

having no bed material transport is calculated using Eq. 20 where 

y, is average flow depth on the flood plain. Use a, for a in the 

equation. Draw stream lines or use field observations to deline- 

ate where the separation point is for the flow going to the main 

channel and to the relief bridge. (See Fig. 14) 

6.5 CASE 5 ABUTMENT BET AT E W E  OF CHANNEL 

The case of scour around an abutment set right at the edge 

of the main channel, as sketched in Fig. 15 can be calculated 

with Eq. 24 proposed by Laursen (1980) when r ,  < r ,  on the flood 

plain. 

srbank 
. I . .  

1 / 1 1  
/ l j l  

Fig. 15 Abutment set at Edge of Main Channel. 



a, = the unit discharge in the main channel, Q/W 
Q = Discharge in main channel 
W = width of the main channel 
Qo = overbank flow discharge 
yo = overbank flow depth 

Note that if there is no overbank flow for this case then 
there is no appreciable scour. 

6.5.1 Values of calculated scour depth for the five dif- 
ferent cases are given in Fig. 16. 



~ig. 16 Calculated Scour Depth from Equations 18, 20 and 2 4  
(A is Eq. 20, B is Eq. 18 and C is Eq. 24) 



6.6 CASE 6 SCOUR AT AB- WHEN a/yl > 25 

Field data for scour at abutments for various size streams 

are scarce, but data collected at rock dikes on the Mississippi 

indicate the equilibrium scour depth for large a/yl values can be 

estimated by equation 25: 

The data are scattered, primarily because equilibrium depths 

were not measured. Dunes as large as 20 to 30 feet high move 

down the Mississippi and associated time for dune movement is 

very large in comparison to time required to form live-bed local 

scour holes. Nevertheless, it is believed that these data 

represent the limit in scale for scour depths as compared to 

laboratory data and enables useful extrapolation of laboratory 

studies to field installations. 

~ccordingly, it is recommended that Eqs. 18 through 24 be 

applied for abutments with 0 < a/yl < 25 and Eq. 25 be used for 

a/yl > 25. 

6 .7  CASE 7 ABUTMENTS SKEWED TO THE STREAM 

With skewed crossings, the approach embankment that is 

angled downstream has the depth of scour reduced because of the 

streamlining effect. Conversely, the approach embankment which 

is angled upstream will have a deeper scour hole. The calculated 

scour depth should be adjusted in accordance with the curve of 

Fig. 17 which is patterned after Ahmad (1953). 



Angle of inclination, +, dog. 

F i g .  17  Scour e s t i m a t e  adjus tment  for skew. 



7. Local Scour at Piers. 

7.1 Introduction. 

Local scour at piers is a function of bed material size, 

flow characteristics, fluid properties and the geometry of the 

pier. The subject has been studied extensively in the laboratory 

but there is very little field data. As a resuit of the many 

studies there are many equations. In general, the equations are 

for live-bed scour in cohesionless sand bed streams, and they 

give similar results. In this section we willgive several equa- 

tions. These equations will be as follows: 

1. Colorado State University 's (CSU) equation. 
2. Jain and Fisher's equation. 
3. Graded and/or armored streambeds equations. 
4 .  Froelichls equations. 

As will be explained in the following paragraphs the CSU 

equation is recomended but the other equations are given for 

campaison, research and for special cases such as streams with a 

large quantity of lardge size particals. It is believed that the 

CSU equation will give the ultimate scour. Engineering judgment 

will be needed in the case of the other equations. 

Sterling Jones (1983) compared many of the more common equa- 

tions. His comparison of these equations is given in Fig. 18 

Some of the equations have velocity as a variable (normally in 

the form of a Froude number). However some equations, such as 

Laursen do not include velocity. A Froude number of 0.3 was used 

(Fr = 0.3) in Fig. 18 for purposes of comparing commonly used 

scour equations. In Fig. 19 the equations are compared with some 

field data measurements. As can be seen from Fig. 18 the CSU 

equation encloses all the points but gives lower values of scour 

than Jain, Laursen and Niells equations. The CSU equation 

includes the velocity of the flow just upstream of the pier by 

including the Froude Number in the equation. Chang (1988) points 

out that Laursenls (1980) equation is essentially a special case 

of the CSU equation with the Fr = 0.5. 





The equations illustrated in Figs. 18 and 19 do not take 

into account the possibility that larger sizes in the bed 

material could armor the scour hole. That is, the large sizes in 

the bed material will at some depth of scour limit the scour 

depth. Raudkivi (Rzudkivi and S~therland, 1981, arid R a u C ~ i v i  

and Ettema, 1983, Raudkivi, 1986) studied pier scour in streams 

with large particles in the bed. Washington State Deptarment of 

Transportation (Copp and Johnson, 1987, and Copp, Johnson, and 

McIntosh, 1988) developed an equation based on Raudkivies researh 

for streams with a large range of partical sizes which would tend 

to armor the scour hole, The significance of this factor of 

armoring of the scour hole over a long time frame and over many 

floods is not known. Therefore, their equation is not recom- 

mended for use at this time. However it is given in this manual. 

For the determination of pier scour, the Colorado State 

University's equation is recommended for both live-bed and clear 

water scour. With a dune bed configuration the equation predicts 

equilibrium scour depths and maximum scour will be 30% greater. 

For flow with plane bed configuration or antidunes, CSU1s 

equation gives the maximum scour. 

The extent to which a pier footing or pile cap affects local 

scour at a pier is not clearly determined. Under some cir- 

cumstances the footing may s e n e  as a scour arrester, impeding 

the horseshoe vortex and reducing the depth of scour hole. In 

other cases where the footing extends above the stream bed into 

the flow, it may serve to increase the effective width of the 

pier, thereby increasing the local pier scour. As an interim 

guide, if the top of the pier footing is slightly above or below 

the stream bed elevation (taking into account the effect of 

contraction scour), use the width of the pier shaft for the value 

of l'aM in the pier scour equation. If the pier footing projects 

well above the stream bed to the extent that it significantly 

obstructs the flow, use the width of 'the pier footing for the 



value of naM. Interpolate between these two values depending 

upon the extent to which the footing may be expected to affect 

the local scour patterns. 

7.2 Pier Scour Eauations. 

7.2.1 CSU's Equation 

The Colorado State University's equation (Richardson et dl, 

1975) is as follows: 

Where: = scour depth 
= flow depth just upstream of the pier 
= correction for pier shape from Table 2 and Fig. 20. 

K; = correction for angle of attack of flow from Table 3 
a = pier width 
Frl = Froude number = yl/(gyl) 0.5 

TABLE 2 Correction Factor, 
K1 for Pier Type 

T v ~ e  of Pier K1- 
(a) Square nose 1.1 
(b) Round nose 1.0 
(c) Circular cylindar 1.0 
(d) Sharp nose 0.9 
(e) Group of cylindars 1.0 

1 

TABLE 3 Correction factor, 
K2 for angle of attack 
of the flov 

Ansle L/a=4 L/a=8 L/a=12 
0 1.0 1.0 1.0 

15 1.5 2.0 2.5 
30 2.0 2.5 3.5 
45 2 . 3  3 . 3  4 . 3  
90 2 . 5  3.9 5 . 0  

Angle = skew angle of flow 
L = length of pier 





7.2.2 pains and Fishers Eauation. 

Jain and Fisher (19791 studied in the laboratorv local pier 

scour at larae Froude numbers. They found that scour at g 
circular pier in sediment transport recrime tFr > Fr,l first 

slishtlv decreases and then increases with th increase in t& 

Froude number. Scour depth at high Froude numbers is larger than 

the maximum clear-water scour. The contribution of bed-form 

scour to the total scour depth in the upper flow regiem becomes 

significant with higher flow velocities. They developed the 

folowing two equations: 

For live-bed scour (Fr - Fr,) >0.2 

y,/a = 2.0 (Fr - Fr,) 0aZ5 (y,/a) o m '  

For maximum clear-water scour 

These equations are functions of the critical Froude number Fr, 

corresponding to pending sediment transport, the procedure for 

computing Fr, is as follows: 

1. Estimate the median diameter, DSo, for the bed material; 
2. Determine 7, from Figmj 11: 
3. Compute U,, = ( 7 , / p )  : 
4. Compute 6 = 11.6r'/U,, (assume* =l. 08 X 10 " ft2/s) ; 
5. Compute D 5 d q  ; 
6. Select Einstlen's X from ~ i g .  28; 
7. Compute Vc = U., (2.5 le, (11 y X /D5,,) ) and 
8 Computer Fr, = V,/ (gy, ) 

It is also recommended that the scour depth for O<(Fr - Fr,)< 
0.2 can be assumed equal to the larger of the two values of scour 

obtained from Eqs. 27 and 28. 

For shapes differnt than circular piers and pier alignment 

other than parallel with the flow direction multiply the results 

given by Jain and Fishers equation by the coefficients given in 
Tables 2 and 3. 



I 
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Fig. 28 Einstein's Factor X in the Logarithmic Velocity Equations 
(Einstein, 1950) 



7.2.3 Graded and/or Armored Stream Bed Eauations. 

There are very little field data for determining the decrease in 

scour depth as the result of coarse particles in the bed material of a 

stream. However there are good indications (laboratory studies and 
---- 
~ U I U S :  field data j t h a t  larger s i z e  p a r t i d e s  i n  the be6 rnateriai armor 

the scour hole and decrease scour depths. 

Although field data are limited, equations are given here for thi 

case. Until additional field data is available, they should be used 

with care and use of good engineering judgement. 

The equations for circular piers (adapted from equations develope 

by Washington State Deptarment of Transportation (Copp and Johnson, 

1987, and Copp, Johnson, and McIntosh, 1988) for streams with a large 

range of partical sizes which would tend to armor the scour hole) are 

as follows: 

University of Aukland (UAK) Equations 

For (a/D50 > 18) 

ys/a = 2.1 K1 K2 K3 
For (a/DS0 c 18) 

yS/a = 0.45 K1 K2 K3 (a/D50) 0.53 

Where 

ys = Depth of local scour 
a = Pier width 
K1 = Coefficient for pier type, Table 2 
KZ = Coefficient for angle of attack of the flow, Table 3 
Kj = Coefficient for effect of sedimen$.grading, Fig. 29 
% = Gradation coefficient = (D8q/D16) 

Copp and Johnson (1987) recommend that values obtained from the 

above equations be multiplyed by a factor of safety Kfs because there 

is little actual field data on scour depths in graded streambed 

material. They state the following: 

"A purely heuristic approach is to select Kfs equal to 
1/K3 whenever is less than about 2.0. If K3 is greater 
than 2.0, sele3 Kfs = 1.5. This nullifies scour depth 
reductions for material gradations when Kg c 2.0 but allows 
for the full depth of scour when K3 > 2.0." 



I 
d,, (mm) - d,, < 0.7 mm 

I o 0.55 
- 

8 0.05 

a 1.90 

-4.10 

i 

Fig. 29 Partical Size Coefficient, K3, Vs. Geometric Deviation, Kg. 
(Ettema, 1980) 

Live-bed Scour. 

Using linear regression analysis of 83 field measurements of pier 

scour Froehlich (1988) developed the following equation: 

Where 

K1 = Coeffiecent for pier type. Froehlich obtained K1 = 1.3 fo 
a square-nosed pier, 1.0 for round and round-nose piers, 
and 0.7 for a sharp-nosed pier from his regression 
analysis. This is close agreement with values given in 
Table 2. 



a' = Pier width projected normal to the approach flow. 

a' = a' = a cos o~ + L sin oc . Where oc is the angle of 
attack and L is pier length. 

The other symbols are as defined before. 

The + 1.0 in the equation is to give a factor of safety 

for design purposes. The regression analysis gives the expected 

value of the scour depths. Fifty percent of the scour holes could 

be deeper and fifty percent shallower. All the measured values 

of scour were less than the expected value + 1.0 as given in 

Eq. 31. 

Clear-water scour. 

Froehlich (1988) only used live-bed scour data to develope 

Eq. 31. He classified the data as to either clear-water or live- 

bed scour data on the basis of Neill's (1968) equation given 

below: 

Where 
S, = 2.65 was assumed for all measurements. 
V, = critical mean velocity. 

If V, was larger than the mean velocity then the scour was 
clear-water scour. 

However, all the clear-water scour depths in his data were 

less than those given by Eq. 31. So Eq. 31 could be used for 

clear-water scour. 
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APPENDIX B 

Set ected Br l dge Scour Data 
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APPmUIX C 

SI Conversion Factors 



SI Conversion Factors 

To Convert To 

1. Length (L) 
incheii 
feet 
yards 
miles 

2. area (Lg) 
square inches 
square feet 
square yards 
acres 
square miles 

3. volume (La) 
fluid ounces 
gallons 
crtbic feet 
cubic yards 

miiiimeters 
meters 
meters 
kilometers 

millimeters squared 
rneters squared 
meters squared 
hectares 
kilometers squared 

milliliters 
liters 
meters cubed 
meters cubed 

4. mass (MI 
ounces grams 
pounds kilograms 
short tons (2,000 lb) megagrams 

5. temperature 
Fahrenheit (F) Celsius (C) 




